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The  effects  of  the  average  molecular  length  (L)  on  the  anisotropic 
properties  of  liquid  crystal  (LC)  mixtures  are  studied  systematically 
In  three  series  of  ester  nematics:  an  RO-R’  series  of  4-alkoxyphenyl 
4-alkylbenzoates ,  an  R0-(C)R'  series  of  4-alkoxyphenyl  4-alkylcyclo- 
hexanecarboxylates ,  and  an  R-OR'  series  of  4-alkylphenyl  4-alkoxyben- 
zoates.  In  each  serjLes,  the  flow  viscosity  increases  substantially 
with  the  increasing  L:  linearly  for  RO-R',  exponentially  for  R0-(C)R', 
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and  in  between  for  R-OR' .  In  mixtures  with  shorter  L's,  the  viscosities 
are  in  the  sequence  R-OR'  >  RO-R,  >  RO-(C)R'.  The  cybotactic-nematic 
character  of  the  LCs  increases  with  increasing  L  in  each  series,  and  is 
present  at  room  temperature  when  the  average  number  of  R  +  R'  carbons 
is  10  or  more  in  the  RO-R’  series  and  9  or  more  in  the  R-OR'  and 
R0-(C)R'  series.  The  conductivity  anisotropy,  birefringence,  and  density 
values  in  each  series  decrease  with  increasing  L,  while  the  dielectric 
anisotropy  becomes  relatively  more  negative  in  the  RO-R'  and  R-OR'  series 
and  less  negative  in  the  R0-(C)R'  series.  _The  dynamic  scattering  (DS) 
thrshold  voltage  increases  markedly  with  L  in  the  RO-R'  and  R0-(C)R' 
series,  largely  due  to  their  decrease  in  conductivity  anisotropy.  The 
DS  decay  times  in  the  RO-R'  series  increase  linearly  with  increasing 
L  in  surface-i  cells,  while  the  decay  times  are  nearly  independent  of 
L  in  surface-ll  cells.  The  DS  decay  times  are  several  times  faster  in 
the  R0-(C)R'  series  than  in  the  RO-R'  series,  although  only  the  shorter 
L  mixtures  in  the  R0-(C)R'  series  show  good_DS  due  to  the  strongly 
cybotactic  nematic  character  of  the  longer  L  cyclohexanecarboxylate 
mixtures . 

The  effects  of  L  and  structure  are  studied  on  the  flow  viscosity 
of  many  different  esters  structures  in  RO-R'  mixtures.  The  results 
include  the  assignment  of  class  viscosities  to  18  different  types  of 
ester  LC  structures.  These  class  viscosities  are  used  to  calculate 
the  viscosity  (at  25°C)  of  new  mixtures  within  about  10%  of  the  actual 
values.  The  viscosity  of  new  ester  LCs  can_be  estimated  on  the  basis 
of  structural  correlations.  The  effect  of  L  of  mixtures  varies  with 
the  polarity  of  the  LC  structure,  with  the  viscosity  decreasing  with 
increasing  L  for  very  polar  structures. 

Various  factors  affecting  the  anisotropic  and  DC  of  one  ester  LC 
mixture  were  investigated,  including  the  effects  of  dopant  structure, 
surface  alignment,  temperature,  cell  thickness,  and  type  of  electrical 
activating  signal.  These  studies  showed  that  the  differences  in  the 
conductivity  anisotropy  of  the  dopant  had  the  largest  effect  on  the 
DS  threshold  voltage,  however  the  change  of  threshold  with  temperature 
was  more  strongly  affected  by  changes  in  the  bend  elastic  constant. 

The  optical  density  of  scattering  was  found  to  increase  linearly  with 
the  reciprocal  of  cell  thickness.  Thus,  thin  cells  are  advantageous 
not  only  because  the  LC  response  times  are  faster  but  also  because  the 
DS  levels  are  higher  and  more  multiplexing  is  possible  . 
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INTRODUCTION  AND  SUMMARY 

A.  BACKOROUND  AND  APPLICATIONS 

The  unique  anisotropic  properties  of  liquid  crystal  (LC)  materials  have 

stimulated  research  and  development  of  many  new  electro-optical  devices. 

In  addition  to  the  now  well-known  commercial  uses  of  LC  displays  in  watches, 

clocks,  calculators,  meters,  etc.,  more  sophisticated  military  applications 

have  been  developed  and  others  are  under  study.  For  example,  a  LC  light  valve 

projector  for  large  screen  color  symbology  displays  has  been  developed  at 

Hughes  for  military  command  and  control  facilities.  Many  other  LC  devices  are 

being  studied  for  military  application,  and  these  include  several  devices 

which  are  based  on  electrohydrodynamic  instabilities  generated  in  the  LC  by 

applied  fields.  Two" electro-optical  effects  based  on  such  instabilities  are 

the  subject  of  the  present  study.  One  of  these  effects  is  known  as  the  dynamic 

8 

scattering  (DS)  mode,  and  the  other  is  called  the  variable  grating  mode 
(VGM) . 9  » 10 

The  DS  mode  involves  both  field  alignment  and  ionic  conduction  effects 
and  can  be  generated  by  either  direct  current  (dc)  or  alternating  current  (ac) 
signals.  Above  the  threshold  voltage,  the  DS  mode  produces  a  turbulent  motion 
of  the  LC  molecules  which  result  in  a  strong  light  scattering  effect.  The  DS 
mode  is  being  studied  for  several  different  military  applications.  One  group 
of  these  applications  is  based  on  activating  the  DS  in  an  LC  display  panel  in 
which  the  LC  is  sandwiched  between  a  substrate  of  semiconductor-controlled 
matrix  electrodes  and  a  transparent  counter  electrode.3*11-13  This  MOSFET 
matrix  display  is  being  developed  by  the  Hughes  Aircraft  Company  for  various 
possible  military  applications  including:  an  integrated  head-up  airplane 
cockpit  display,  a  helmet-mounted  display,  a  color  alphanumeric  display,  a 
flat  panel  status  advisory  board,  and  a  missile  image  sighting  display.  An 
electronically-controlled  reticle  (cross-hair)  is  the  basis  for  another  group 
of  DS  applications . 14  * 1 5  In  this  case  the  LC  is  sandwiched  between  two 
transparent  windows,  one  with  vertical  lines  of  electrodes  and  one  with  hori¬ 
zontal  electrode  lines.  The  DS  activation  of  the  LC  between  selected  lines 
results  in  an  electronically  controlled,  movable  reticle.  This  is  being 
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developed16  us  part  of  an  improved  fire-control  system  for  tanks  and  armored 
vehicles.  The  VGM  involves  the  formation  of  grating-like  patterns  in  dc 
activated  LCs  of  high  resistivity,  and  the  spatial  frequency  of  these  gratings 
varies  with  the  magnitude  of  the  applied  voltage.  Presently  this  is  of 
greatest  interest  for  new  types  of  optical  data  processing  techniques.17,18 

B.  \  PROGRAM  OBJECTIVE 

The  objective  of  this  program  was  to  study  the  effects  of  the  chemical 
structure  of  liquid  crystal  components  on  the  anisotropic  properties  of 
nematic  mixtures,  especially  in  regard  to  their  electro-optical  response 
characteristics.  The  program  was  particularly  aimed  at  obtaining  a  better 
understanding  of  the  effects  of  components  on  the  DS  mode.  A  similar, 
secondary  goal  was  to  study  the  effects  of  structure  on  the  VGM  in  some  of 
the  same  nematic  mixtures.  We  chose  to  study  ester  LCs  in  this  program 
because  of  our  prior  experience  with  phenyl  benzoate  LCs  and  dopants  for  DS 
ef fects.'I^JS®-4  The  phenyl  benzoate  ester  mixtures  are  of  particular  interest 
for  DS  because  they  are  colorless  and  relatively  stable  to  moisture,  they  can 
be  formulated  to  have  a  negative  dielectric  anisotropy,  they  can  be  ade¬ 
quately  purified  for  controlled  doping, a^5^-  and  they  show  good  dc  stability 
when  used  with  redox  dopants .  In  this  program  we  have  examined  the  pro¬ 

perties  and  effects  of  many  different  types  of  ester  LC  components,  including 
cyclohexanecarboxylates ,  bipheny lcarboxylates ,  benzoyloxybenzoates ,  acyloxy- 
benzoates,  and  thiobenzoates ,  as  well  as  various  benzoate  structures. 

r\ 

C.  PROGRAM  SUMMARY 

A  key  approach  in  this  program  was  to  study  the  effect  of  different  ester 
mixtures  by  using  the  compounds  in  multi— component  LC  mixtures.  This  per¬ 
mitted  us  to  study  a  wide  range  of  structures  as  components  in  room  temperature 
nematic  mixtures  with  comparable  clearpoint  temperatures  (nematic  to  iso¬ 
tropic  transition).  A  major  part  of  this  study  was  centered  on  examining  the 
effects  of  the  average  molecular  length  (L)  on  the  anisotropic  properties  of 
LC  mixtures.  This  was  done  by  using  components  with  different  length  n-alkyl 
end  groups  and  then  using  various  combinations  of  these  components  to  control 
the  L  of  the  mixtures.  Three  different  series  of  single  class  ester  nematic 
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mixtures  were  studied  in  this  manner.  The  central  part  of  the  structure  was 
constant  in  each  of  the  individual  series,  which  consisted  of  4-alkoxypheny 1 
4-alky  lbenzoates  ,  4-a 1 koxypheny 1  4-a 1 ky lcyc  lohexanecarboxy 1 ates  ,  and 
4-alky lpheny 1  4-a 1 koxybenzoates .  While  some  of  the  LC  properties  in  these 
mixtures  varied  with  increasing  L  as  might  be  expected  by  just  the  increased 
size  of  the  aliphatic  groups,  other  properties  were  more  strongly  affected. 

As  the  L  increased,  the  conductivity  anisotropy  decreased  sharply,  the  vis¬ 
cosity  increased  greatly,  and  in  one  series  the  dielectric  anisotropy  completely 
changed  sign.  These  changes  were  attributed  partly  to  an  increase  in  the 
short  range  smectic  order,  or  cybotactic  nematic  character,  of  the  mix¬ 

tures  with  increasing  L.  The  decrease  of  conductivity  anisotropy  with  L 
greatly  increased  the  threshold  voltage  for  DS,  and  the  increased  viscosity 
slowed  down  the  response  time  of  DS  in  surface-perpendicular  aligned  cells. 

This  showed  that,  in  general,  short  L  ester  mixtures  are  preferable  for 
optimization  of  the  DS  effects. 

Structural  effects  on  viscosity  were  studied  using  eighteen  different 
classes  of  esters  as  added  components  to  standard  mixtures  of  4-alkoxyphenyl 
4-alky lbenzoates .  Short  L  mixtures  were  used,  and  comparisons  were  made  at 
the  same  L  to  minimize  molecular  length  effects.  We  used  these  data  to  cal¬ 
culate  approximate  viscosities  for  each  of  the  eighteen  classes  at  25°C. 

These  class  viscosities  clearly  indicate  many  structural  correlations  which 
will  be  of  value  in  predicting  the  effects  of  other  related  structures  on 
viscosity.  In  addition,  we  found  that  the  viscosity  of  new  LC  mixtures  can 
usually  be  predicted  within  about  10%  from  combinations  of  LC  esters  from  the 
18  classes  studied.  The  ability  to  predict  the  viscosity  of  mixtures  is 
particularly  valuable  in  the  formulation  of  improved  LC  mixtures,  e.g. ,  with 
low  viscosity  as  well  as  wide  nematic  temperature  range,  low  DS  threshold 
voltage,  etc.  Studies  on  the  L  effects  on  viscosity  were  also  made  with 
several  series  of  mixtures  containing  25%  of  components  added  to  standard 
mixtures.  We  found  that  when  polar  ester  structures  with  high  class  viscosi¬ 
ties  are  used  as  additives,  then  the  viscosity  can  remain  constant  or  even 
decrease  as  L  increases.  This  is  attributed  to  a  decrease  in  the  associa¬ 
tion  effects  between  the  polar  molecules  as  alkyl  end  groups  are  lengthened, 
which  offsets  the  normal  increase  of  viscosity  with  molecular  length. 
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Various  factors  affecting  the  anisotropic  and  L)S  characteristics  of  a  i 

selected  ester  mixture  were  investigated  in  detail.  The  effects  of  dopant,  i 

surface  alignment,  signal,  cell  thickness,  and  temperature  were  studied.  ^ 

Variations  in  the  conductivity  anisotropy  of  the  dopants  had  the  largest 

, . 

effect  on  the  DS  threshold  voltage  at  room  temperature.  However,  cell  thick-  '  , 

ness  also  changed  the  threshold  slightly  and  had  a  large  effect  on  the  magni-  j 

tude  of  the  scattering  obtained  above  threshold.  Thinner  cells  gave  higher  1 

DS  levels  and  higher  multiplexing  capabilities.  The  optical  density  of 

scattering  increased  linearly  with  the  reciprocal  of  cell  thickness.  When 

the  temperature  was  increased  the  DS  threshold  voltage  decreased,  indicating 

that  change  in  viscosity  and  elastic  constants  with  temperature  were  more 

significant  than  the  decrease  in  conductivity  anisotropy. 

The  variable  grating  mode  (VGM)  electro-optical  effect  was  also  studied 
in  various  nematic  LCs,  primarily  in  regard  to  potential  use  in  optical  pro¬ 
cessing  and  computing  techniques.  We  found  that  the  VGM  effects  decreased  as 
the  L  of  the  ester  mixtures  increased,  probably  due  to  increased  negative 
values  of  Ae.  In  studies  with  wedge-shaped  cells,  we  found  that  the  VGM 
effect  can  be  ohtained  in  much  thicker  cells  than  had  previously  been  con¬ 
sidered  to  be  possible  based  on  mechanisms  that  others  have  proposed  for 
the  effect. 
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RESEARCH  PROCRAM 

The  results  of  this  program  are  presented  in  the  six  papers  which  are 
included  as  appendices  of  this  report.  Three  of  these  papers  have  been 
accepted  for  publication  in  Molecular  Crystals  and  Liquid  Crystals  and  will  be 
published  in  1981.  The  other  three  papers  are  drafted  and  will  be  submitted 
to  the  same  journal  for  publication.  Only  some  highlights  of  these  papers 
are  discussed  here,  and  the  appendices  should  be  referred  to  for  a  more  com¬ 
plete  description  of  these  studies. 

There  are  large  differences  in  the  nematic  temperature  range  of  various 
individual  ester  LC  compounds.  Many  have  nematic  ranges  far  above  room  tem¬ 
perature,  some  are  monotropic,  some  have  smectic  phases,  and  others  are  iso¬ 
tropic  at  room  temperature.  Thus,  we  chose  to  study  mixtures  of  ester  LCs 
which  were  room-termperature  nematics  and  had  similar  clearpoints.  All  of  the 
LC  compounds  and  all  of  the  LC  mixtures  were  prepared  as  part  of  the  Hughes 
Research  Laboratories  contribution  to  this  program.  The  LC  mixtures  were 
formulated  either  as  eutectics  compositions  or  as  eutectics  with  limited 
amounts  of  other  ester  additives.  Although  the  use  of  mixtures  added  com¬ 
plexity,  it  also  enabled  us  to  vary  systematically  parameters  such  as  the 
average  molecular  length  (L)  and  the  clearpoint.  It  also  permitted  us  to 
study  a  much  larger  variety  of  ester  structure  than  would  have  been  feasible 
otherwise . 

A  major  approach  in  this  program  was  to  investigate  the  anisotropic  pro¬ 
perties  of  ester  LC  mixtures  as  a  function  of  their  average  molecular  length 
(L)  and  their  structure.  Three  series  of  ester  mixtures  were  studied,  with 
each  series  containing  only  one  class  of  LC  components  that  differed  only  in 
the  length  of  their  R  and  R'  n-alkyl  end  groups.  The  following  RO-R' , 
RO-(C]R',  and  R-OR'  classes  of  esters  were  studied,  using  mixtures  formulated 
to  have  similar  nematic  temperature  ranges  within  each  class. 
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RO-R'  ESTERS 


RO— (C)R'  ESTERS 


R-OR’  ESTERS 


These  results  are  presented  In  Appendices  I,  II  and  IV. 

The  flow  viscosity  and  the  anisotropic  values  of  refractive  index,  ionic 
conduction,  and  dielectric  constant  were  studied  in  each  series;  the  DS  pro¬ 
perties  were  studied  in  the  RO-R'  and  RO-[C]R'  series.  In  each  series  the 
viscosity  increased  as  L  increased,  as  expected  with  these  relatively  low 
polarity  structures.  However,  large  viscosity  increases  in  the  longer  L 
mixtures  are  due  to  an  increase  in  their  cybotactic  nematic  characteristics 
(i.e.,  short  range  smectic  order).  The  cybotactic  effect  was  identified  by  a 
relatively  low  value  of  conductivity  anisotropy  (oll/a1)  at  25°C  along  witn  a 
maximum  value  of  all/a1  at  a  temperature  between  25°C  and  the  clearpoint 
temperature  (where  otl/o±  =  1.0).  The  cybotactic  nematic  effects  were  particu¬ 
larly  strong  in  the  longest  R0-[C]R'  and  R-OR'  mixtures,  in  which  the  on/a± 
was  less  1.0  at  25°C  —  clearly  showing  smectic-like  properties  in  these 
nematic  LCs.  The  effect  of  L  on  o||/oi  was  most  prominent  in  the  cyclohexane- 
carboxy  lates ,  where  the  long  L  R0-[C]R'  mixtures  had  o|1/oi=  0.5  whereas  the 
short  L  mixtures  had  a H / a ^  =  1.6.  The  effect  of  L  on  dielectric  anisotropy 
(At.  =  £  I,  -  f-j)  was  different  in  each  series;  a  surprisingly  large  effect  was 
observed  in  the  R-OR'  series,  in  which  Ac  was  positive  for  short  L  but  negative 
for  long  L  mixtures,  ostensibly  due  to  enhanced  anti-parallel  molecular  pairing 
in  the  long  L  mixtures.  In  general,  more  favorable  electro-optical  DS 
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characteristics  were  found  in  the  shorter  i.  mixtures  of  the  RO-R'  and 
RU- [ C ] R '  series.  This  is  because  in  the  shorter  length  mixtures  the  conduc¬ 
tivity  dopants  have  greater  solubility,  the  threshold  voltages  of  DS  are  lower 
due  to  higher  ■  ’ „ / ^  x  values,  and  the  response  times  are  faster  due  to  lower 
viscosit i es . 

Another  major  area  of  study  was  the  correlation  of  flow  viscosity  with 
the  molecular  structure  of  18  different  classes  of  ester  LCs .  (See 
Appendix  V.)  Comparative  viscosity  measurements  were  made  at  constant  L  by 
adding  components  from  a  structural  class  to  RO-R'  mixtures  in  such  a  way 
that  both  the  L  of  the  additives  and  the  L  of  the  final  mixture  were  constant. 
We  used  this  data  to  calculate  approximate  class  viscosities  for  each  of  the 
18  structural  categories,  including  the  above  RO-R',  RO-[C]R'  and  R-OR' 
classes, as  shown  in  Figure  1  (which  is  also  in  Appendix  V).  The  class 
viscosities  increased  with  structural  contributions  from  aromatic,  polar,  and 
polarizable  groups;  the  increases  are  especially  large  when  multiple  polar 
groups  are  present.  These  correlations  are  valuable  in  predicting  the  effects 
of  structural  variations  on  the  viscosity  of  other  classes  of  ester  LCs.  Also, 
we  have  found  that  our  class  viscosities  can  be  used  to  calculate  the  approxi¬ 
mate  viscosity  of  LC  ester  mixtures  within  about  10%  of  their  actual  value. 

The  pre-calculation  of  viscosity  is  very  useful  in  choosing  formulations  for 
multi-component  ester  mixtures  in  which  a  low  viscosity  is  desired  as  well  as 
other  properties  such  as  a  wide  nematic  temperature  range.  Another  interesting 
result  from  our  studies  was  the  observation  that  the  apparent  viscosity  of  a 
polar  ester  additive  decreased  as  the  L  of  the  mixture  (75%  RO-R')  increased. 
This  effect,  which  is  the  opposite  of  that  observed  in  the  100%  RO-R', 

R0-[C]R'  and  R-OR'  series,  is  attributed  to  a  decrease  in  intermolecular 
association  of  the  polar  ester  additive  as  longer  alkyl  groups  are  used  in  the 
mixture  to  increase  L.  This  was  substantiated  by  observations  of  much  higher 
viscosities  in  100%  mixture  of  the  more  polar  ester  than  in  their  contributions 
as  additives  to  RO-R'  mixtures.  A  corresponding  effect  on  molecular  polarity 
was  observed  in  the  apparent  activation  energy  of  the  ester  mixtures,  which 
were  highest  for  those  with  the  largest  viscosity  and  lowest  for  those  with 
the  least  viscosity. 
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Figure  1.  Structure,  Class  Code,  and  Class  Viscosities  of  LC  Ester 
Components.  (The  hciass  at  25°C  Apply  When  10  to  25%  of  these 
Components  are  used  in  R0-Rf  Mixtures  with  L  -  22A.) 
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Various  factors  affecting  the  anisotropic  and  l)S  characteristics  of  one 
particular  eutectic  mixture  of  LC  esters  were  investigated,  including  studies 
on  the  effects  of  dopant  structure,  surface  alignment,  temperature,  cell 
thickness,  and  type  of  electrical  activating  signal.  (See  Appendix  VI.) 

These  studies  showed  that  the  differences  in  the  conductivity  anisotropy  of 
the  dopant  had  the  largest  effect  on  the  DS  threshold  voltage,  however,  the 
change  of  threshold  with  temperature  was  more  strongly  affected  by  changes 
in  the  bend  elastic  constant.  The  optical  density  of  scattering  was  found  to 
increase  linearly  with  the  reciprocal  of  cell  thickness  as  did  the  maximum 
(theoretical)  multiplexing  capability.  A  minimum  in  the  DS  threshold  voltage 
was  observed  in  cells  about  25  pm  in  thickness.  However,  thinner  cells  are 
advantageous  not  only  because  the  LC  response  times  are  proportional  to  the 
square  of  the  thickness,  but  also  because  thin  cells  provide  higher 
scattering  levels  with  DS  activation.  We  began  some  systematic  studies  on 
the  relationships  between  the  structure  of  dopants  and  their  conductivity 
anisotropy  in  LCs.  Although  some  correlations  were  observed,  more  studies 
need  to  be  carried  out  as  a  wider  selection  of  organic  salt  structures 
become  available. 

The  variable  grating  mode  (VGM)  electro-optical  effect  was  also  studied 
in  various  nematic  LCs,  primarily  in  regard  to  potential  use  in  optical  pro¬ 
cessing  and  computing  techniques.  We  found  that  the  VGM  effects  decreased 
as  the  L  of  RO-R'  ester  mixtures  increased,  probably  due  to  increased  negative 
values  of  Ac.  (See  Appendix  Ill.)  Contrary  to  some  literature  reports,  we 
observed  VGM  only  with  applied  dc  fields  and  not  with  ac  activation.  However, 
we  could  find  no  conductivity  dopant  which  increased  the  VGM  affect;  instead 
they  caused  DS  even  when  used  in  very  low  concentrations.  In  studies  with 
wedge-shaped  cells,  we  found  that  the  VGM  effect  can  be  obtained  in  much 
thicker  cells  than  had  previously  been  considered  to  be  possible  based  on 
mechanisms  that  others  have  proposed  for  the  effect.  The  VGM  appears  to  be 
propagated  along  the  surface  from  the  thinner  to  the  thicker  part  of  the  wedge 
cell . 
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RESEARCH  PERSONNEL  AND  FACILITIES 


A.  PERSONNEL 

The  principal  investigator  for  this  contract  was  Dr.  J.  D.  Margerum. 

The  other  major  participants  in  these  liquid  crystal  studies  were  Dr.,J.  E. 
Jensen,  Mrs.  A.  M.  Lackner,  and  Dr.  S.-M.  Wong. 

The  following  personnel  of  the  Exploratory  Studies  Department  of  the 
Hughes  Research  Laboratories  participated  in  this  project: 

Dr.  John  E.  Jensen  (Member  of  the  Technical  Staff;  PhD  in  Organic 
Chemistry) . 

Mrs.  Anna  M.  Lackner  (Member  of  the  Technical  Staff;  BS  in  Chemistry). 

Dr.  Hong  Sup  Lim  (Senior  Member  of  the  Technical  Staff;  PhD  in 
Electrochemistry) . 

Dr.  J.  David  Margerum  (Senior  Scientist  and  Head  of  Chemistry  Section; 

PhD  in  Physical  Chemistry) . 

Dr.  Leroy  J.  Miller  (Head  of  Device  Materials  Section;  PhD  in  Organic 
Chemistry) . 

Gary  P.  Myer  (Member  of  the  Technical  Staff;  BS  in  Physics). 

Dr.  Michael  Piliavin  (Member  of  the  Technical  Staff;  PhD  in  Physics). 
Deborah  S.  Smythe  (Member  of  the  Technical  Staff;  BS  in  Biology). 

Willis  H.  Smith  (Research  Assistant  Senior). 

Camille  I.  van  Ast  (Research  Assistant  Senior) 

Scott  A.  Verzwyvelt  (Member  of  the  Technical  Staff;  BS  in  Biology). 

B.  FACILITIES 

The  facilities  used  in  this  contract  were  primarily  those  available  in 
the  Chemistry  Section  and  the  Device  Materials  Section  of  the  Exploratory 
Studies  Department,  at  the  Hughes  Research  Laboratories  in  Malibu,  California. 
Extensive  capital  equipment  and  all  of  the  materials  used  in  these  studies  were 
provided  by  the  Hughes  Aircraft  Company  without  direct  charge  to  the  contract. 
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APPENDIX  1 


EFFECTS  OF  MOLECULAR  LENGTH  ON  NEMATIC  MIXTURES.  I.  ANISOTROPIC 
AND  DYNAMIC  SCATTERING  PROPERTIES  OF  4-ALKOXYPHENYL 
4-ALKYLBENZOATE  MIXTURES* 

J.  David  Margerum,  John  E.  Jensen,  and  Anna  M.  Lackner 

Hughes  Research  Laboratories 
3011  Malibu  Canyon  Road 
Malibu,  California  90265 

ABSTRACT 

The  properties  of  nematic  mixtures  of  4-alkoxyphenyl  4-alky lbenzoates 
are  studied  as  a  function  of  their  average  molecular  length  (L) .  The 

—  O 

L's  of  the  mixtures  vary  between  20.46  and  27.14  A,  but  they  all  have 
clearpoints  in  the  51  to  58°C  range.  The  flow  viscosity  increases 
linearly  with  L.  The  dielectric  constant,  refractive  index,  birefringence, 
and  density  decrease  linearly  with  L,  and  the  dielectric  anisotropy 
becomes  more  negative.  With  tetrabutylammonium  tetraphenylboride  added 
as  a  salt  dopant,  the  conductivity  anisotropy  (0|/0|)  decreases  with 
increasing  L,  and  the  dynamic-scattering  (DS)  threshold  voltage  Increases 
correspondingly.  The  effect  of  L  on  the  DS  decay  time  (Xp)  is  highly 
dependent  on  the  surface  alignment.  In  surface-!  cells,  xQ  increases 
strongly  with  L,  while  in  surface- 1  cells,  xp  decreases  slightly  with 
increasing  L.  The  temperature  dependence  of  Oj /aA  indicates  that  the 
longer  L  mixtures,  with  about  ten  or  more  total  alkyl  carbons  from  both 
end  groups,  have  cybotactlc  nematic  characteristics. 


*Pre8ented  in  part  at  the  Symposium  on  the  Physics  and  Chemistry 
of  Liquid  Crystal  Devices,  San  Jose,  CA,  February  7-8,  1979. 
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INTRODUCTION 


Multicomponent  liquid  crystal  (LC)  mixtures  are  often  used  to  widen 
the  temperature  range  of  nematics  used  in  electrooptical  device  appli¬ 
cations.  Although  there  is  an  increasing  amount  of  information  being 
published  on  the  properties  of  nematic  mixtures  of  positive  dielectric 
anisotropy  for  use  in  polarization  switching  displays,  there  is  much 
less  information  on  the  properties  of  nematic  mixtures  of  negative 

1  2 

dielectric  anisotropy  for  use  in  dynamic  scattering  (DS)  displays.  ’ 

We  are  particularly  interested  in  the  use  of  para- substituted  phenyl 

benzoate  mixtures  as  relatively  stable  nematics  for  both  dc-  and 

3—6 

ac-activated  DS  devices.  Therefore,  we  have  begun  a  series  of 
studies  to  investigate  systematically  the  relationships  between  the 
structure  of  ester  LC  components  and  the  properties  of  their  mixtures. 
The  present  study  is  designed  specifically  to  examine  the  effect  of  the 
average  molecular  length  of  4-alkoxyphenyl  4-alkylbenzoate  mixtures  on 
their  viscosity,  conductivity  anisotropy,  dielectric  anisotropy,  DS 
threshold  voltage,  and  DS  response  time. 

EXPERIMENTAL 

The  phenyl  benzoate  components  of  the  LC  mixtures  are  prepared  by 
reacting  the  appropriate  £-alkoxyphenols  and  £-alkylbenzoy’  chlorides. 
Whenever  possible,  the  reactants  are  obtained  commercially  (Eastman  or 
Aldrich).  The  esters  are  purified  by  several  recrystallizations  and 
are  checked  for  purity  by  thin-layer  chromatography  and  by  liquid 
chromatography  (Waters  Assoc.  Model  ALC-202/401,  with  a  microporasil 
column).  We  estimate  by  these  methods  that  the  impurity  content  is 
less  than  0.5%  in  all  of  the  esters  and  is  less  than  0.1%  in  most  of 


them.  In  all  cases,  the  materials  have  virtually  no  Ionic  Impurities, 
and  the  resistivities  of  the  undoped  mixtures  are  greater  than  10^  £2-cm 
at  room  temperature.  The  heat  of  fusion  (AH^),  melting  point  (mp) ,  and 
clearpoint  (clpt)  are  obtained  by  differential  scanning  calorimetry  (DSC) 
using  a  Mettler  TA2000B  thermal  analysis  system.  The  transition  tem¬ 
peratures  correspond  to  the  lower  part  of  any  range  obtained  from  the 
DSC  slope  extrapolated  back  to  the  baseline.  A  computer  program  is  used 

to  calculate  the  mole  fraction  of  selected  components  for  eutectic  mix- 

7.8 

tures  by  applying  the  Schroeder  Van  Laar  equation. 

The  flow  viscosity  is  measured  in  calibrated  (20  to  100  cS  range) 
Cannon-Ubbelohde-type  viscometer  tubes  (1.03-mm  capillary  bore  size) 
held  in  a  temperature-controlled  water  bath.  Density  measurements  are 
made  in  calibrated  pycnometer  tubes.  The  refractive  index,  and  birefrin¬ 
gence  are  measured  with  a  Leitz-Jelly  micro-ref ractometer .  The  dielec¬ 
tric  anisotropy  and  conductivity  anisotropy  are  measured  using  a 
previously  described  apparatus,^  modified  by  installation  of  a  thermally 
controlled  copper  block  in  the  cavity  to  achieve  better  temperature 
control  over  a  wider  range.  This  required  a  larger  magnetic  pole 
spacing  than  used  previously,  which  resulted  in  a  7-kG  magnetic  field. 

An  LC  thickness  of  229  or  503  ym  is  used.  Samples  are  doped  with 
tetrabutylammonium  tetraphenylboride  (TBATPB)  by  adding  0.1%  of  this 
salt,  warming  to  dissolve,  and  then  filtering  the  LC  through  a  0.2-ym 
filter  after  letting  it  cool  overnight.  The  DS  threshold  measurements 
are  taken  in  transmission  with  unpolarized  green  light  and  an  acceptance 
angle  of  ±0.5°  at  the  detector  of  the  optical  system. 5  The  cells  are 
made  with  3. 2-mm-thick  glass  plates,  with  the  LC  contained  by  a 
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25. 4-ym- thick  polyester  film  perimeter  spacer.  These  cells  have  Indium 
tin  oxide  (ITO)  conductive  glass  surfaces  overcoated  with  SiO  deposited 
at  a  30°  angle  to  produce  surface- I  alignment  of  the  LCs.  The  threshold 
voltages  are  obtained  by  extrapolating  the  initial  steep  decrease  in 
transmission  back  to  the  baseline,  using  frequencies  of  30  Hz.  The 
decay  times  are  taken  from  10%  to  90%  T  after  activation  at  30  V.  To 
improve  the  reproducibility  of  decay  times,  measurements  are  made  using 
thicker  (12.7  mm)  optical  flats  with  an  Si02"Overcoated  ITO  surface  and 
deposited  pads  of  SiO^  in  the  corners  as  spacers.  One  set  of  these 

9 

flats  is  ion-beam  etched  at  a  shallow  angle  for  surface-1  alignment, 
while  a  second  set  is  spin-coated  with  an  aqueous  polyvinyl  alcohol 
solution,  baked  in  an  oven,  and  rubbed  gently  for  surface-1  alignment. 

The  spacer  thickness  of  the  first  cell  is  15.86  ym  and  of  the  second  is 
15.43  ym.  These  cells  are  filled  with  doped  LC,  and  the  DS  decay  times 
are  measured  in  a  thermostated  box.  A  third  set  of  optical  flats  with  a 
15.90-ym  spacing  is  used  for  surface-1  alignment  by  first  bonding  a  long 
chain  alcohol  (n-C^gH^OH)  on  the  SiC^  coating.10  The  LCs  align  perpen¬ 
dicular  to  the  surface  in  this  cell  with  very  small  off-normal  tilt 
angles  (<0.5e).  Undoped  LCs  are  used  in  this  third  cell  for  measurements 
of  the  Freedericks  transition  threshold  voltage  at  1  kHz,  while  doped 
LCs  are  used  for  DS  decay  time  studies  after  activation  with  voltages 
at  30  Hz. 

The  k^  elastic  constants  are  determined  from  capacitance  versus 
voltage  curves  on  LC  cells  using  an  apparatus  similar  to  that  described 
by  Meyerhofer . 11  The  cells  are  made  using  ITO-coated  glass  plates 
(3.2  mm  thick)  with  a  25 . 4-ym-thick  polyester  film  perimeter  spacer 
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arranged  to  give  an  active  area  of  6.45  cm  .  The  ITO  is  overcoated 

with  2000  A  of  SiO^,  and  surface-!  alignment  is  obtained  by  treatment 

with  n-C22H^OH.  The  tilt  angles  are  less  than  0.5®.  The  measuring 

signal  is  25  mV  at  10  kHz,  and  the  alignment  bias  control  is  variable 

up  to  30  V  at  75  or  450  Hz.  An  empty  cell  is  used  to  correct  for 
rras 

the  capacitance  of  the  non-active  area.  The  electronic  components 
Include  a  PAR  Model  124A  as  a  signal  source  and  a  lock-in  amplifier,  a 
Kiethley  427  current  amplifier,  and  a  Krohn-Hite  3322  variable  filter 
(to  help  filter  out  the  bias  frequency). 

RESULTS  AND  DISCUSSION 

LC  Components  and  Mixtures 

The  thermal  properties  of  the  phenylbenzoate  compounds  used  in 

these  mixtures  are  shown  in  Table  I,  where  R  and  R'  are  n-alkyl  groups 

as  shown  by  the  general  structure  in  Figure  la.  The  melting  points  and 

heats  of  fusion  from  Table  I  are  used  to  calculate  the  eutectic  mixtures 

shown  in  Table  II.  None  of  the  components  are  known  to  have  any  smectic 

phases.  In  addition  to  the  letter  designations  (A,  B,  etc.)  used  for 

the  mixtures  in  this  paper,  the  specific  Hughes  identifications 

(HRL-2N42,  etc.)  are  also  shown.  The  latter  are  cited  in  other 
12  13 

publications.  ’  The  molecular  length  (L)  of  each  compound  is  measured 

from  the  end-to-end  distance  in  CPK  models,  as  indicated  in  Figure  lb. 

A  fully  extended  configuration  is  used,  with  a  twist  angle  of  about  30s 

14 

between  the  aromatic  planes  as  described  by  Neubert  et  al.  Table  III 
shows  the  average  molecular  length  (L)  of  the  mixtures,  and  both  the 
calculated  and  the  observed  nematic  ranges.  Several  features  are  worth 
noting  regarding  the  composition  of  these  different  length  eutectic 
mixtures.  For  one  thing,  the  compound  10-1  is  used  as  a  pseudo-nematic 


component  even  though  it  has  not  been  observed  to  be  an  LC.  Also, 
contrary  to  the  guideline  of  making  eutectic  mixtures  in  which  each 

Q 

component  differs  by  more  than  20%  in  overall  molecular  length,  we 
mix  some  components  of  the  same,  or  nearly  the  same,  length.  This  is 
done  when  the  R  and  R'  end  groups  of  one  component  are  substantially 
different  from  those  of  another  component  (e.g.,  20-3  with  40-1, 

20-3  with  40-3,  40-6  with  60-5,  and  60-5  with  80-3). 

No  systematic  variation  is  made  in  the  components  with  regard  to 
the  odd/even  number  of  end  group  carbons,  nor  to  the  end  of  the  molecule 
on  which  the  longest  alkyl  groups  are  used.  (However,  longer  alkyl 
groups  and  longer  length  components  are  not  used  in  order  to  avoid 
smectic  components.)  Although  the  propert  es  of  the  mixtures  are 
probably  affected  by  such  end  group  effects  in  addition  to  being  affected 
by  the  average  length,  we  believe  that  the  general  trends  of  the  L 
effects  that  we  report  below  are  nevertheless  valid. 

Refractive  Indices,  Density,  and  Dielectric  Constant 

The  refractive  index  and  birefringence  of  the  mixtures  decrease 
linearly  with  increasing  molecular  length,  as  shown  in  Figure  2.  The 
effect  of  the  increasing  length  is  to  decrease  the  molecular  polariza¬ 
bility  of  the  molecules  as  the  alkyl  end  groups  are  lengthened  and  to 
dilute  the  polarizability  effect  due  to  the  rest  of  the  molecule.  The 
density  of  the  mixtures  also  decreases  with  increasing  average  molecular 
length  due  to  the  increasing  percentage  of  alkyl  groups  as  compared 
with  the  aromatic  ester  group.  A  similar  trend  is  also  shown  in 
Figure  2  for  the  dielectric  constant  (e^)  variation  with  L,  as  longer 


alkyl  groups  dilute  the  effects  of  the  more  polar  groups  in  the  molecules. 
In  these  mixtures,  the  value  of  at  25°C  decreases  by  about  0.15  units 
per  added  methylene  group. 

Viscosity 

The  flow  viscosity  (n)  of  the  ester  mixtures  is  studied  as  a 
function  of  temperature  between  20  and  50°C.  These  flow  viscosities 
should  correspond  approximately  to  the  viscosity  along  the  LC  director,^5 
corresponding  to  the  Helfrich  viscosity  (°r  the  Miesowicz  viscosity 
n  ).  Each  mixture  has  as  a  linear  relationship  between  log  n  and  T  ^ 

D 

(in  °K  *),  as  shown  in  Figure  3.  These  viscosities  are  the  same  with  or 
without  the  addition  of  the  TBATPB  salt  dopant.  The  viscosities  at 
25  and  45°C  are  plotted  against  the  average  molecular  length  in  Figure  4. 
The  viscosity  increases  linearly  with  the  average  length,  and  the  vis¬ 
cosity  changes  substantially  over  the  range  of  lengths  studied.  The 
clearpoints  of  all  the  mixtures  are  within  a  range  of  about  6°C,  and 
there  is  no  obvious  effect  of  their  clearpoint  differences  on  the  vis¬ 
cosities.  The  results  at  25®C  in  Figure  4  correspond  to  about  a  1.8  cP 
increase  in  viscosity  per  each  additional  methylene  group  in  the 
average  molecular  length  of  these  ester  mixtures.  At  45®C,  the  increase 
in  viscosity  is  about  0.9  cP  per  added  methylene  group. 

Conductivity  Anisotropy 

The  conductivity  anisotropy  (Of/o±)  of  TBATPB  in  each  ester  mixture 
is  shown  as  a  function  of  temperature  in  Figure  5.  We  found  that  at 
room  temperature  the  0|/oA  values  of  TBATPB  in  mixture  A  are  constant 
with  variations  in  the  resistivity  of  the  sample,  and  we  have  previously 
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observed  this  same  type  of  consistency  of  Oj/a^  with  the  concentration 

of  TBATPB  in  other  liquid  crystals. ^  Thus,  although  the  solubility  of 

TBATPB  decreases  steadily  from  mixture  A  to  F  and  thereby  increases 

their  resistivities,  we  believe  that  the  0|/a^  values  of  the  different 

mixtures  can  be  compared  with  one  another.  The  general  trend  at  room 

temperature  is  that  the  CJj/o^  value  decreases  as  the  molecular  length 

of  the  mixture  increases.  As  the  temperature  is  increased,  samples 

A-D  show  decreased  Oj/o^  values,  as  expected  in  nematic  LCs  because  of 

the  decreasing  order  parameter.  However,  in  mixtures  E  and  F,  the 

Oj/o^  values  go  through  a  maximum  between  20  and  50°C.  This  general 

17-19 

type  of  behavior  in  other  nematics  has  been  reported  to  be  due  to 

20 

cybotactic  nematic  characteristics  (i.e.,  short  range  smectic  order 
in  a  nematic  LC).  In  our  phenyl  benzoate  mixtures,  this  is  observed 

O 

when  the  average  length  is  25.9  A  and  longer,  corresponding  to  an 
average  of  about  10  or  more  carbons  from  the  combination  of  both  alkyl 
end  groups  in  the  molecules  (see  Table  III).  It  is  interesting  that 
none  of  the  pure  components  in  these  mixtures  is  reported  to  be  a 
smectic  and  that  our  DSC  analysis  also  does  not  show  any  smectic  phase 
in  the  components  or  their  mixtures. 

Because  ap/o^  is  an  anisotropic  ratio  that  depends  on  the  order 
parameter,  we  show  in  Figure  6  comparisons  of  the  mixtures  at  two  values 
of  reduced  temperature.  For  these  mixtures,  the  lower  temperature  of 
T  -  0.91  Tc  is  near  25#C,  while  the  higher  temperature  of  T  -  0.96  Tc 
is  near  42®C.  At  both  temperatures,  the  a ( /o^  values  decrease  approxi¬ 
mately  linearly  as  the  L's  of  the  mixtures  Increase.  This  may  be  due  to 
several  factors.  At  the  lower  temperature,  the  increasing  cybotatic 
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nematic  character  with  Increasing  L  appears  to  be  Important.  However, 
since  similar  effects  are  observed  at  42°C,  where  the  cybotatlc  effects 
should  be  less  significant,  other  factors  are  probably  Involved. 
Qualitatively,  we  ascribe  these  other  factors  to  the  increasing  percentage 
of  the  relatively  flexible  alkyl  end  groups  compared  to  the  more  rigid 
central  phenyl  benzoate  structure.  The  percentage  of  alkyl  group  length 
goes  from  31.5%  in  mixture  A  up  to  48.6%  in  mixture  F.  The  transverse 
nematic  flow  viscosities  (ri^  and  r^)  probably  do  not  increase  as  rapidly 
with  L  as  does.  Similarly,  the  0^  values  probably  do  not  decrease  as 
rapidly  with  L  as  does  0| ,  thus  causing  a  decrease  In  0|/o^. 

Dielectric  Anisotropy 

The  effects  of  temperature  on  the  dielectric  constants  and  dielec¬ 
tric  anisotropy  are  shown  for  each  mixture  In  Figures  7  and  8.  The 
values  of  t^  decrease  almost  linearly  with  increasing  temperature.  On 
the  expanded  scale  used  in  Figure  8,  it  can  be  seen  that,  although  small 
in  magnitude,  the  -At  values  in  each  mixture  go  through  a  maximum  in  the 
35  to  40°C  range.  This  is  most  pronounced  with  the  shorter  mixtures. 

In  addition,  at  a  given  reduced  temperature,  the  At  values  become  more 
negative  as  the  average  molecular  length  increases,  as  shown  by  the 
approximately  linear  plots  in  Figure  9.  Both  the  temperature  effect  and 
the  molecular-length  effect  on  At  are  unexpected.  We  can  only  speculate 
that  there  is  some  type  of  weak  intermolecular  interaction  that  causes 
At  to  be  less  negative  in  the  shorter  mixtures,  and  that  this  interaction 
decreases  as  the  samples  are  heated.  Such  a  molecular  interaction  might 
also  decrease  as  the  cybotatlc  nematic  packing  increases  in  the  longer 
mixtures. 
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Field  Effect  Transition  and  Elastic  Constanta 

The  threshold  voltage  for  the  dielectric  field-effect  realignment 
(no  conductive  dopant)  of  the  LC  mixtures  in  surface-!  cells  is  shown 
in  Figure  10,  from  optical  birefringence  measurements.  This  threshold 
voltage  decreases  with  increasing  L  of  the  mixtures.  The  effect  of  L 
on  the  values  of  the  bend  elastic  constant  k^  are  also  shown  in 
Figure  10,  as  calculated  from  the  expression: 

(v'«)pe  ' 

Dynamic  Scattering 

The  threshold  voltage  (Vth)  for  DS  for  the  TBATPB-doped  mixtures 

increases  sharply  with  increasing  average  molecular  length,  as  shown  in 

Figure  11.  This  effect  appears  to  be  due  primarily  to  the  Oj/a^  values 

of  these  mixtures,  as  indicated  by  our  observation  that  a  Helfrich-type 
-2  - 1 

plot  of  V  versus  (0|/a|)  is  approximately  linear,  although  such  a 
linear  relationship  should  actually  be  applicable  only  if  all  of  the  LC 
properties  except  Oj/cj^  are  constant.^  Since  we  have  found  that  k.^,  e, 
Ac,  and  n  all  vary  with  L,  this  observation  indicates  that  the  dj/a^ 
values  probably  have  a  dominant  effect  on  when  comparing  these  mix¬ 
tures  at  room  temperature  in  surface- I  cells. 

The  results  of  our  DS  decay  time  studies  at  25°C  are  shown  in 

Figure  12.  For  comparison,  the  decay  times  are  all  corrected  to  a 

2  2 

nominal  cell  thickness  of  16.0  urn,  using  a  factor  of  16  M  .  (As  indi¬ 
cated  in  the  experimental  section,  the  actual  thicknesses,  i,  of  the 
surface-1  cells  are  15.86  and  15.43  ym,  while  for  the  ourface-i  cell 
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it  is  15.90  pm. )  The  activated  voltages  used  are  high  enough  to  give  at 
least  90%  scattering  in  our  optical  system  without  causing  secondary 
scattering.  The  decay  times  are  all  compared  from  the  same  relative 
transmission  changes  of  10%T  to  90%T.  The  effect  of  L  on  the  decay  time 
is  strikingly  dependent  on  the  initial  LC  surface  alignment.  The  x^  of 
the  LC  cells  with  surface-I  LC  alignment  decreases  slightly  with 
increasing  L  (even  though  the  flow  viscosity  increases  appreciably),  and 
it  is  independent  of  the  alignment  method.  On  the  other  hand,  the  x^  of 
the  surface- 1  cells  increases  with  L  even  more  rapidly  than  the  increase 
in  the  LC  flow  viscosity  with  L.  As  shown  in  Figure  12,  the  ratio 
(Xp)i / (td> |  goes  from  about  1.5  at  short  L  up  to  about  2.5  at  long  L 
values. 

The  decay  time  of  DS  cells  has  been  reported  to  be  directly  pro- 

2  2 
portional  to  viscosity  and  to  fit  the  equation:  xD  «  Cnf  /k,  where  C 

is  a  constant  characteristic  of  the  LC,  n  is  the  viscosity,  and  k  is  an 

elastic  constant.'*'  Similarly,  the  decay  time  for  Williams  domains  has 
21  2  2 

been  expressed  by  x^  *  S,  h'/Att  k,  where  n'  is  a  "viscosity  parameter 
and  k  is  the  appropriate  elastic  constant."  In  our  series  of  mixtures 
at  25°C,  (Tp)|  is  nearly  independent  of  r),  while  (Xp)^  is  directly 
proportional  to  n  (where  our  n  =  r^) •  On  the  other  hand,  the  variation 
of  the  ratio  with  L  is  not  directly  proportional  to  the  change  of 

either  (Tp)j  or  (Tp)^  with  the  L  of  these  mixtures. 

CONCLUSIONS 

Comparisons  of  £-alkoxyphenyl  £-alkylbenzoate  nematic  mixtures 
with  similar  clearpoints  show  that  several  of  their  properties  vary 
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linearly  with  the  average  molecular  length  of  the  mixtures:  the  flow 
viscosity  increases  with  L,  while  the  refractive  index,  birefringence, 
density,  conductivity  anisotropy,  dielectric  constants,  and  dielectric 
anisotropy  decrease  as  L  increases.  The  temperature  dependence  of 
Of /(T|  shows  that  mixtures  with  a  total  average  of  more  than  10  carbon 
atoms  from  both  aliphatic  end  groups  have  cybotactic  nematic  character¬ 
istics.  The  shorter  length  mixtures  are  advantageous  for  DS  applications 
primarily  because  they  have  higher  Dj/o^  values,  lower  threshold  values 
for  DS,  and  better  solubility  of  conductive  dopants  than  in  the  longer 
L  mixtures.  In  surface-1  cells,  L  has  very  little  effect  on  the  DS 
decay  time  at  25°C;  however,  in  surface-!  cells,  the  decay  time  increases 
steeply  (linearly)  with  L.  Thus,  in  surface- 1  cells,  the  shorter  L 
mixtures  are  advantageous  for  faster  decay  times. 
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TABLE  I 


Thermal  Properties  of  Components 


Component 

RO  R' 

Code 

mp, 

Obs. 

.  °C 

Lit. 

Clpt 

Obs. 

°c 

Lit. 

AHf, 

kcal/mole 

ch3o 

ch3 

10-1 

96.2 

97a 

(10)b 

— 

7.20 

c2h5o 

C3H7 

20-3 

75.7 

75.5C 

68 

68. 5C 

6.72 

c2h5o 

SH11 

20-5 

62.8 

62. 1C 

63 

63. 4C 

7.49 

c4h9o 

ch3 

40-1 

72.9 

— 

53 

— 

7.81 

C4H9° 

C3»7 

40-3 

70.7 

71.3C 

61 

59. 0C 

8.15 

C4H9° 

C6H13 

40-6 

40.0 

39d 

49 

49d 

8.42 

C6H13° 

C3»7 

60-3 

51.8 

51. 6C 

57.4 

58. 5C 

5.52 

C6H13° 

C4H9 

60-4 

29 

30. 2C 

48 

48. 4C 

4.20 

C6H13° 

C5HU 

60-5 

40.9 

40® 

59.3 

59e 

5.77 

C8H17° 

C3H7 

80-3 

51.8 

51. 0C 

56.8 

59.  lc 

6.12 

C8H17° 

C6«13 

80-6 

44.9 

46f 

55.6 

57f 

8.12 

*1.1.  Gnllomedova  et  al 

. ,  Zh.  Prlkladnoi  Khimmil,  49. 

- -  ■  -  —  Mw 

1337  (1976); 

^Virtual  nematic  clpt.; 

CM.E.  Neubert  et  al.,  , 

Llq.  Cryst.  and  Ordered 

Fluids 

(Plenum  Press, 

N.Y. ,  1974),  Vol 

.  2,  p. 

293,  J. 

F.  Johnson  and 

R.S.  Porter,  Eds.;  dR. 

Stelnstrasser , 

Z.  Naturforsch 
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TABLE  II 

Composition  of  Liquid-Crystal  Mixtures 


Compound 

Code3  Length,  k 

A 

Mole  Fraction  in 

B  D 

Mixtures 

E 

F 

10-1 

16.20 

0.112 

0.073 

— 

— 

— 

20-3 

19.67 

0.222 

0.1A8 

— 

— 

— 

20-5 

22.21 

0.283 

0.180 

0.2A0 

— 

— 

AO-1 

19.61 

0.191 

0.119 

— 

— 

— 

AO-3 

21.78 

0.192 

0.117 

0.160 

0.120 

— 

AO-6 

25.81 

— 

0.36A 

— 

0.375 

— 

60-3 

2A.AA 

— 

— 

— 

— 

0.2A9 

60-A 

25.78 

— 

— 

0.601 

— 

— 

60-5 

27.03 

— 

— 

— 

0.50A 

0.331 

80-3 

26. 8A 

— 

— 

— 

— 

0.213 

80-6 

30.85 

— 

— 

— 

— 

0.207 

HRL  Mixture  Numbers  2NA2 

2NA3 

2NAA 

2NA6 

2NA8 

aSee  TABLE  I. 
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TABLE  III 

Average  Length  and  Nematic  Range  of  RO-R'  Mixtures3 


Mixture 

Average 

Length 

d),  A 

Average 
Number 
of  R+R* 
Carbons 

mp. 

Calc. 

°C 

Obs. 

Clpt. , 

Calc. 

“C 

Obs. 

A 

20.39 

5.61 

28.8 

5.3 

57.0 

57.7 

B 

22.37 

7.21 

18.2 

-5.8 

54.4 

52.4 

cb 

23.36 

8.20 

— 

2.4 

57.2 

55.6 

D 

24.31 

8.82 

24.9 

-7.8 

54.0 

51.4 

E 

25.92 

10.12 

18.8 

16.1 

54.6 

55.0 

F 

27.14 

11.50 

6.1 

18.0 

57.4 

56.3 

Calculated  as  eutectic  compositions,  except  Mixture  C,  with 
L  calc,  from  mole  fractions  of  components  of  various  L’s. 

bEqual  weight  percent  of  A  and  F. 
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APPENDIX  II 


EFFECTS  OF  MOLECULAR  LENGTH  ON  NEMATIC  MIXTURES. 

II.  ANISOTROPIC  AND  DYNAMIC  SCATTERING  PROPERTIES 
OF  4-ALKOXYPHENYL  4-ALKYLCYCLOHEXANECARBOXYLATE 
MIXTURES* 

J.  David  Margerum,  Siu-May  Wong,  Anna  M.  Lackner, 
and  John  E.  Jensen 

Hughes  Research  Laboratories 
3011  Malibu  Canyon  Road 
Malibu,  California  90265 

ABSTRACT 

The  properties  of  nematic  liquid-crystal  mixtures  of  4-alkoxyphenyl 
trans-4-alkylcyclohexanecarboxylates  are  studied  as  a  function  of 
temperature  and  their  average  molecular  length  (L) .  Mixtures  are  pre¬ 
pared  with  clearpoints  near  72°C  (±3°C)  and  with  L  varying  between  21.20 

Q 

and  26.15  A.  At  25  C,  their  flow  viscosity  increases  exponentially 
(from  16.3  to  50.6  cP)  as  L  increases.  The  conductivity  anisotropy 
((J|/a|)  also  varies  tremendously,  decreasing  from  1.62  to  0.49  as  L 
increases,  when  compared  at  25#C  with  tetrabutylammonium  tetraphenylboride 
as  dopant.  The  low  values  of  0|/o^  and  its  temperature  dependence  indi¬ 
cate  that  cybotatic  nematic  characteristics  occur  when  the  average  total 
number  of  alkyl  carbons  from  both  end  groups  is  8.5  or  more.  Short 
range  smectic  effects  are  dominant  in  the  longer  mixtures.  All  of  the 
mixtures  have  a  negative  dielectric  anisotropy,  which  linearly  becomes 
less  negative  with  increasing  L.  At  25SC,  dynamic  scattering  (DS)  is 
observed  only  in  the  shorter  L  mixtures  (where  0( to ^  >  1) ,  and  the 

_ 

Presented  at  the  8th  International  Liquid  Crystal  Conference,  Kyoto, 
Japan,  July  1980 
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DS  decay  times  are  relatively  fast.  Comparisons  are  made  with  similar 
studies  on  £-alkoxypheny 1  £-alkylbenzoate  mixtures. 


INTRODUCTION 

In  recent  years,  there  has  been  considerable  interest  regarding  the 
incorporation  of  cyclohexane  structures  into  liquid-crystal  (LC)  com¬ 
pounds  and  mixtures.1  ^  Most  of  the  studies  have  been  on  materials 

with  positive  dielectric  anisotropy,  such  as  4-cyanophenylcyclohexanes , 

2**6 

for  use  in  twisted  nematic  displays  based  on  polarization  switching. 

These  cyanophenylcyclohexanes  have  a  lower  viscosity  and  birefringence 
than  do  the  corresponding  cyanobiphenyl  nematic  liquid  crystals.  Esters 
with  phenyl  eye lohexanecarboxy late  structures  have  been  reported  to  have 
wide  nematic  temperature  ranges,1  but  relatively  little  has  been  reported 
on  their  anisotropic  and  electrooptical  properties.  We  are  Interested 
in  the  use  of  cyclohexanecarboxylate  esters  as  nematic  mixtures  for  both 
dc-  and  ac-activated  dynamic-scattering  (DS)  displays,  particularly  to 
obtain  wide  temperature  range  mixtures  with  fast  response  times.  Since 
we  have  found  that  the  average  molecular  length  (L)  of  £-alkoxylphenyl 
£-alky lbenzoate  mixtures  has  a  large  effect  on  their  nematic  properties, ^ 
the  present  study  is  directed  particularly  at  the  effects  of  molecular 
length  on  the  properties  of  mixtures  4-alkoxylphenyl  trans-4- 
alkylcyclohexanecarboxylates.  We  are  especially  interested  in  the 
effect  of  L  on  the  viscosity,  dielectric  anisotropy,  conductivity 
anisotropy,  and  DS  response  of  these  mixtures,  and  in  comparing  these 
results  with  those  from  the  similar  phenyl  benzoate  mixtures. 
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EXPERIMENTAL 


The  cyclohexane  liquid-crystal  compounds  were  prepared  by  reacting 
the  appropriate  4-alkoxyphenol  with  a  4-alkylcyclohexanecarbonyl 
chloride.  The  latter  are  obtained  by  first  carrying  out  a  catalytic 
reduction  (l^/Rh  in  a  Paar  apparatus)  of  the  p-alkylbenzoic  acid  and 
then  treating  it  with  thlonyl  chloride.  The  catalytic  reduction  gives 
the  cls-4-alkylcyclohexanecarboxylic  acid,  but  heating  the  acid  chloride 
converts  it  largely  to  the  trans-4-alkylcyclohexanecarbonyl  chloride. 

The  mixture  of  these  els  and  trans  acid  chlorides  are  esterified,  and 
the  lower  melting  cia  ester  is  removed  from  the  4-alkoxyphenyl 
trans---  alkylcyclohexanecarboxylate  by  recrystallizations.  Purity  is 
checked  by  thin-layer  chromatography  and  by  high-pressure  liquid 
chromatography  (Waters  Assoc.  Model  ALC-202/401,  with  a  microporasil 
column).  We  estimate  that  there  is  less  than  1%  impurity  in  each  ester. 
Thermal  analysis  data  on  the  melting  point  (mp) ,  clearpoint  (clpt) ,  and 
heat  of  fusion  (AH^)  are  obtained  by  differential  scanning  calorimetry 
(DSC)  using  a  Mettler  TA2000B  thermal  analysis  system. 

Our  other  experimental  techniques  are  essentially  the  same  as  in 
paper  I  of  this  series.^  The  density  is  measured  in  calibrated 
pycnometer  tubes,  as  a  function  of  temperature.  The  flow  viscosity  (n) 
is  measured  in  calibrated  Cannon-Manning- type  viscometer  tubes  held  in  a 
temperature-controlled  bath.  The  calibrated  ranges  were  3  to  15, 

7  to  35,  and  20  to  100  cS,  respectively,  in  three  different  size  tubes. 
Overlapping  results  from  different  tubes  are  in  good  agreement  (i.e., 
there  is  no  tube  size  effect  on  n).  The  refractive  indices  are  measured 
with  a  Leitz-Jelly  micro-ref ractometer  at  589  nm.  The  dielectric 
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anisotropy  and  conductivity  anisotropy  are  measured  as  described 
7  8 

previously,  ’  using  303-Um-thick  cells  in  a  7-kG  magnetic  field.  The 
samples  are  doped  with  tetrabutylammonium  tetraphenylboride  (TBATPB)  or 
tetrabutylammonium  trif luoromethanesulfonate  (TBATMS)  by  adding  0.1%  of 
the  salt,  warming  to  dissolve,  cooling  at  room  temperature  for  12  hr, 
and  filtering  through  a  0.2-pm  filter.  The  DS  measurements  are  made  in 
transmission  with  unpolarized  green  light  using  glass  cells  with  indium 
tin  oxide  (ITO)  transparent  electrodes.  Threshold  voltages  are  made  at 
30,  20,  and  10  Hz,  in  cells  with  nominal  spacers  of  25.4  pm,  using  baked 
polyvinyl  alcohol  (PVA)  coatings  rubbed  for  surface- I  alignment,  and 

O 

using  an  800-A  coating  of  sputter-deposited  Si02  treated  with  C^H^OH 

9 

for  surface-1  alignment.  The  DS  decay  times  are  measured  from  10%  to 
90%T  at  25°C  using  Si02-overcoated  ITO  electrodes  on  12. 7-mm-thick  optical 
flats  with  SiO^  pad  spacers.  The  surface-1  cell  (15.43-pm-thick  spacing) 
has  a  rubbed  PVA  coating,  while  the  surface-i  cell  (15.86  pro)  is  treated 
with  C^gH^OH.  Undoped  samples  are  used  for  the  dielectric  field  effect 
transition  threshold  voltage  at  1  kHz  in  surface- 1  cells. 

RESULTS  AND  DISCUSSION 
LC  Components  and  Mixtures 

The  thermal  properties  for  the  six  nematic  compounds  used  in  these 
studies  are  shown  in  Table  I,  where  R  and  R'  are  the  n-alkyl  groups  in 
the  general  structure  shown  in  Figure  la.  Our  observed  melting  points 
and  clearpoints  are  higher  than  the  literature  values,  indicating  that 
our  compounds  are  of  higher  purity.  We  did  not  observe  the  low  melting 
point  of  smectic-to-nematic  transition  reported  for  60-(C)5.  Mixtures 
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were  prepared  with  the  compositions  shown  in  Table  II.  These  were 

primarily  mixtures  from  calculated  eutectic  compositions  that  were  chosen 

to  be  room-temperature  nematics,  to  have  similar  clearpoint  temperatures, 

and  to  have  as  wide  a  range  of  L  as  possible.  The  results  in  Table  III 

show  a  close  correlation  between  the  calculated  and  the  observed 

nematic  ranges  of  these  mixtures.  The  resistivities  of  the  undoped 

12 

mixtures  are  greater  than  10  Q-cm.  The  molecular  length  (L)  of  each 
compound  is  measured  from  the  end-to-end  distance  in  CPK  models,  as 
indicated  in  Figure  lb.  The  average  length,  L,  of  a  mixture  is  obtained 
by  summing  the  product  of  the  mole  fraction  and  the  L  of  each  component. 

Refractive  Index,  Birefringence,  Density,  and  Dielectric  Constant 
Plots  of  refractive  indices  (n|  and  n^),  birefringence  (An), 
density  (d),  and  dielectric  constant  (E|)  of  the  mixtures  are  shown  in 
Figure  2  as  a  function  of  their  L.  Both  Oj  and  n^  decrease  slightly  as 
L  increases,  as  expected  since  longer  L  increases  just  the  aliphatic  end 
group  length  of  similar  molecules  already  containing  a  cyclohexane  ring 
in  the  central  group.  Their  birefringence  is  small  and  is  nearly  inde¬ 
pendent  of  L,  with  An  =  0.085  ±  0.003  at  room  temperature.  This  is  sub¬ 
stantially  smaller  than  the  birefringence  of  similar  phenyl  benzoate 
esters,  in  which  An  varied  between  0.153  and  0.134  over  the  same  L 
range. ^  The  n^  of  these  cyclohexane  ester  mixtures  is  also  lower  than 
that  of  comparable  length  phenyl  benzoate  mixtures.  The  d  and  values 
decrease  approximately  linearly  as  L  increase.  Both  the  magnitudes  of 
d  and  and  their  rates  of  decrease  with  L  are  smaller  in  these  mix¬ 
tures  than  in  the  phenyl  benzoate  series,  as  expected  since  the  central 
group  contains  a  cyclohexane  ring  in  place  of  a  phenyl  group. 
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Flow  Viscosity 


The  flow  viscosities  of  these  mixtures  are  shown  as  a  function  of 
temperature  in  Figure  3.  Note  that  the  plot  for  C  includes  a  point  above 
the  clearpoint  where  ri  increases.  In  each  mixture,  the  plots  of  log  t| 
versus  T  *  deviate  from  the  linear  relationship  often  found  for  liquids 
and  LCs.  The  effect  of  L  on  the  flow  viscosity  at  a  given  temperature 
is  quite  large,  as  shown  in  Figure  4.  At  25°C,  the  viscosity  increases 
exponentially  with  increasing  molecular  length.  This  rapid  increase 
of  r|  with  L  is  probably  related  to  the  strong  cybotactic  nematic  charac¬ 
ter  observed  (described  below)  for  these  mixtures  as  their  L  increases. 

At  25°C,  the  short  length  RO-(C)R'  mixtures  have  lower  n's  than  do  the 

corresponding  length  RO-R'  (pheny lbenzoate)  mixtures  (e.g.,  16  and  34  cP, 
—  0 

respectively,  at  L  =  21  A).  However,  the  longer  length  RO-(C)R'  mixtures 
have  higher  n's  than  do  the  RO-R'  mixtures  (e.g.,  48  and  41  cP,  respec- 

—  O 

tively,  at  L  =  26  A) .  Thus,  the  substitution  of  cyclohexane  rings  for 
benzene  rings  in  LC  components  does  not  always  give  a  lower  viscosity 
nematic  mixture;  it  does  so  only  for  the  short  length  ester  mixtures  in 
this  series. 

Conductivity  Anisotropy 

The  conductivity  anisotropy  (°|/°^)  of  five  of  the  mixtures  is 
shown  in  Figure  5  as  a  function  of  temperature.  Although  the  solubility 
and  conductivity  of  TBATPB  in  a  mixture  decrease  as  L  increases,  our 
experience  indicates  that  this  should  have  no  significant  effect  on  the 
anisotropy  measurements. ^  The  °|/°|  values  in  A,  the  shortest 
L  mixture,  are  high  (1.61  at  250C)  and  decrease  with  increasing  tempera¬ 
ture,  as  is  characteristic  of  a  nematic  liquid  crystal.  The  values  in 
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C,  a  slightly  longer  length  mixture,  are  not  quite  as  high  as  in  mixture 

A  and  are  nearly  constant  over  a  wide  temperature  range.  The  0  ,/0  , 

values  in  D  increase  as  the  temperature  increases,  which  is  taken  as 

1 1-14 

evidence  for  some  cybotactic  character  (short  range  smetic  order) 

at  temperatures  below  about  50aC.  Mixture  E  and  compound  G  have  the 

longest  L's,  and  their  a ,/a  values  are  considerably  below  1.0,  which 

is  characteristic  of  a  smectic  LC  or  very  strongly  cybotactic  nematic 

LC.  From  the  curves  in  Figure  5,  we  conclude  that  R0-(C)R'  mixtures 

with  an  average  of  8.5  or  more  R+R'  alkyl  carbons  have  cybotactic 

nematic  characteristics.  The  corresponding  number  of  R+R'  carbons  for 

cybotactic  effects  in  the  RO-R'  mixtures  is  10  carbons  or  more.7  Thus, 

the  presence  of  a  cyclohexanecarboxylate  group  in  place  of  a  benzoate 

group  reduces  the  average  length  at  which  cybotactic  effects  are 

observed  in  their  alkoxyphenyl  ester  LCs. 

Because  of  the  limited  solubility  of  TBATPB  in  these  cyclohexane 

esters,  we  also  studied  TBATMS,  which  is  a  smaller,  more  polar  salt. 

It  is  more  soluble  and  provides  adequate  conductivity  for  DS  studies. 

8  10 

Since  we  have  previously  found  ’  that  the  0|/0|  values  for  TBATMS  at 

a  given  temperature  increase  at  low  resistivity,  we  kept  the  (25°) 

8  9 

of  these  samples  in  the  range  of  8.4  x  10  to  5.8  x  10  ft-cm.  The 
results  are  shown  in  Figure  6.  The  cybotactic  nematic  criterion 
(Oj / 0 ^  increasing  with  temperature)  is  less  pronounced  with  TBATMS  than 
with  TBATPB,  especially  in  mixture  D.  In  other  nematic  LCs,  we  have 
found  that  at  room  temperature  the  Oj/o^  of  TBATMS  was  less  than  that 
of  TBATPB,  as  is  the  case  in  mixture  A.  However,  they  are  about  the 
same  in  mixture  C,  and  TBATMS  has  higher  Oj/Oj  values  than  TBATPB  in 
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mixtures  D  and  This  is  seen  more  clearly  in  Figure  7,  where  the 

values  are  compared  at  two  reduced  temperatures.  (In  these  mixtures, 
the  reduced  temperatures  of  0.86  and  0.96  correspond  to  an  average  of 
about  26  and  60°C,  respectively.)  At  T/T  =  0.86,  the  curves  for  the 
two  dopants  cross  because  the  values  for  TBATPB  decrease  more  rapidly 
than  those  for  TBATMS  as  L  increases.  However,  at  the  higher  reduced 
temperature  of  0.96,  the  Oj/o^  values  for  TBATMS  are  less  than  those  of 
TBATPB  throughout  the  L  range.  The  cybotactic  nematic  character  of  the 
R0-(C)R'  mixtures  clearly  has  a  larger  effect  on  the  conductivity 
anisotropy  of  the  TBATPB  dopant  than  of  the  TBATMS  dopant.  In  Figure  7, 
both  plots  of  Oj /0|  versus  L  at  T/T^  =  0.86  show  a  large  deviation  from 
linearity  due  to  the  strong  cybotactic  nematic  ordering  in  the  longer 
L  mixtures. 

Dielectric  Anisotropy 

The  effects  of  temperature  on  the  dielectric  constants  of  these 
mixtures  are  shown  in  Figure  8.  Because  e^  decreases  appreciably  while 
C|  changes  only  slightly  with  increasing  temperature,  the  values  of 
-Ae  decrease  linearly  as  temperature  increases  in  the  20  to  60°C  range. 
This  effect  of  temperature  on  Ae  is  the  one  we  would  expect  in  the 
absence  of  molecular  associations.  Thus,  while  Oj/c^  and  viscosity 
effects  show  strong  evidence  for  cybotactic  nematic  molecular  order, 
the  Ae  effects  do  not  indicate  any  molecular  pairing  of  polar  groups. 

(In  contrast,  the  longer  L  RO-R'  mixtures^  showed  less  cybotactic 
nematic  association  than  these  R0-(C)R'  mixtures,  while  the  shorter  L 
RO-R'  mixtures  showed  evidence  of  polar  associations  —  as  inferred  by 
their  -Ae  values  going  through  a  maximum  as  temperature  increased.) 
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These  mixtures  have  much  more  negative  At  values  (between  -1.34  and 


-1.20  at  25°C)  than  do  the  corresponding  KO-R'  mixtures.  As  shown  in 
Figure  9,  -Ac  at  a  given  reduced  temperature  decreases  linearly  with 
increasing  L.  (In  the  RO-R1  mixtures,  -At.  increased  with  L.)  The 
nearly  parallel  changes  of  -Ar  with  temperature  (Figure  8)  and  with 
L  (Figure  9)  indicate  that  the  dielectric  effects  in  these  R0-(C)R' 
mixtures  are  not  significantly  affected  by  the  large  differences  in 
viscosity  and  cybotactic  nematic  character. 

Field  Effect  Transition  and  Elastic  Constant 

The  threshold  voltage  for  the  field-effect  realignment,  (V'  )  , 

th  FE 

of  these  undoped  LC  mixtures  is  shown  by  the  lower  line  in  Figure  10. 

It  is  nearly  unchanged  by  the  changes  in  L.  The  corresponding  (bend 
elastic  constant)  values  also  do  not  vary  much  with  L,  as  shown  in 
Table  IV. 

Dynamic  Scattering 

Typical  DS  curves  (where  ZS  =  100  -  %T)  for  mixtures  A,  B,  and  C 

are  shown  in  Figure  11.  These  are  run  at  low  frequency  (10  Hz)  to 

minimize  effects  from  the  cut-off  frequencies  of  these  samples,  which 

have  relatively  high  resistivities  due  to  the  low  solubility  of  the 

TBATPB  dopant.  The  (V  .  )_„  values  from  these  curves  are  shown  in 

th  Db 

Figure  10.  In  the  other  mixtures,  TBATPB  does  not  provide  adequate 
conductivity  for  DS  studies,  and  mixtures  E,  F,  and  G  are  not  expected 
to  show  DS  at  25°C  anyway  because  their  ratios  are  less  than  1.0. 

The  TBATMS  dopant  is  more  soluble  and  gives  better  DS  curves;  the  DS 
threshold  voltage  for  mixtures  A,  C,  and  D  are  shown  in  Figure  10  for 
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both  surface-l  and  surface-i  alignment.  (These  samples  have  resistivities 
9  9  9 

of  =  1.6  x  10  ,  1.8  x  10  ,  and  A. 9  x  10  (2-cra,  respectively.)  The 

general  trend  is  that  (Vt .  increases  with  L  with  either  the  TBATPB 

tn  Ua 

or  the  TBATMS  dopant.  These  results  are  consistent  with  the  conductivity 

anisotropy  effects  shown  in  Figures  5  through  7.  Temperature  effects 

on  DS  also  correspond  to  the  Oj/c^  changes.  TBATMS  doped  mixture  F 

shows  high-level  scattering  curves  at  higher  temperatures  (e.g.,  60°C). 

Its  (V^,  )p<.  value  decreases  sharply  as  temperature  increases,  going 

from  an  ill-defined  30  to  40  V  value  at  room  temperature,  to  ^20  V  at 

42*0,  and  down  to  13.5  V  at  53°C  in  surface-|  cells.  Sample  G  does  not 

show  any  DS  below  35°C  with  either  dopant,  as  expected  since  is 

less  than  1.0  in  this  temperature  range. 

The  DS  decay  time  (Tp)  of  TBATMS-doped  samples  of  mixtures  A,  C, 

and  D  are  shown  in  Figure  12.  For  comparison,  the  decay  times  are 

2  2 

corrected  to  16.0  pm  thickness,  using  a  16  /*.  correction  factor.  The 
actual  thickness  between  the  optical  flats  are  15.43  pm  for  the 
surface-1  and  15.86  pm  for  the  surface-i  cells.  Although  high  voltages 
(50  vrm8)  are  applied  to  mixture  D  to  obtain  high  scattering  levels 
(10%  T) ,  secondary  scattering  is  not  observed  with  our  relatively  short 
periods  of  DS  activation.  The  effect  of  L  on  is  very  similar  to 
that  observed  in  the  R0-R'  mixtures. ^  As  L  increases,  for  surface-1 
cells  decreases  slightly,  while  T  for  surface-i  cells  increases  sub¬ 
stantially.  However,  all  of  these  decay  times  are  much  faster  than 
those  of  the  corresponding  phenyl  benzoate  mixtures.  In  the  same  L 
range,  the  Tp's  of  the  R0-R'  mixture  were  about  375  msec  for  surface-1 
and  between  610  and  780  msec  for  surface-i  cells. 
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CONCLUSIONS 


Studies  of  nematic  mixtures  of  4-alkoxyphenyl  trans-4- 
alkylcyclohexanecarboxylates  show  that  their  viscosities,  conductivity 
anisotropies,  and  DS  threshold  voltages  are  very  strongly  dependent  on 
the  average  molecular  length  of  the  mixtures.  As  L  increases,  their 
viscosities  increase  exponentially  and  their  cybotactic  nematic  charac¬ 
ter  increases  greatly.  At  25°C,  the  short  L  cyclohexane  ester  mixtures 
have  higher  a  /o^  values  and  much  lower  flow  viscosities  than  do  the 
comparable  benzoate  esters.  The  longer  L  cyclohexane  ester  mixtures 
have  stronger  cybotactic  nematic  characteristics  and  much  lower  0| 
values  (less  than  1.0)  and  are  just  as  viscous  as  the  same  length 
benzoate  mixtures.  The  dielectric  anisotropies  of  the  cyclohexane 
esters  also  vary  with  L,  linearly  becoming  less  negative  as  L  increases. 
Their  birefringences  are  nearly  independent  of  L.  The  solubility  of 
organic  salt  dopants  is  low,  and  becomes  worse  as  L  increases.  Com¬ 
parisons  with  similar  length  £-alkoxyphenyl  £-alkylbenzoate  mixtures 
show  that  the  short  length  cyclohexane  ester  mixtures  have  much  more 
negative  Ae,  higher  0( /o^ ,  lower  DS  at  a  given  V/Vth,  and  much  faster 
DS  decay  times  in  both  surfaceH  and  surface-i  cells. 
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9.  Effect  of  L  on  dielectric  anisotropy  of  R0-(C)R'  mixtures  at  four 
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10.  Threshold  voltages  at  25°C  for  field-effect  transition  (1  kHz) 
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11.  Dynamic  scattering  curves  for  mixtures  A,  B,  and  C  containing 
TBATPB  dopant.  (22*C,  13-pm-thick  cells  surface-1  alignment). 

A:  -  5.1  x  109  fi-cm;  B:  -  6.1  x  109  ft-cm;  C:  -  7.4  x 
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TABLE  I 

Thermal  Properties  of  Phenyl  Cyclohexanecarboxylates 


Compound 

Code  R0 

R' 

mp,  °C 

Obs.  Lit.3 

clpt,  °C 

Obs.  Lit.3 

AHf 

kcal/mole 

10- (C)5 

ch3o 

— ~C5H11 

40.9 

36 

71.3 

63.5 

5.01 

20-(C)3 

C2H5° 

— -C3H7 

49.0 

47 

79.8 

78.5 

6.60 

20- (C)5 

C2H5° 

-~C5H11 

56.9 

55 

85.9 

85.5 

7.69 

40-(C)4 

n-C4H90 

s-c4h9 

40.5 

38 

70.0 

68.5 

4.12 

60-(C)4 

— -C6H13° 

n-C4 H9 

26 

25 

70.0 

69.0 

5.36 

60- (C) 5 

n-C6Hi3° 

— ~C5H11 

32. 2b 

24(38. 5)b 

79.8 

78.5 

5.06 

aD.  Demus,  H.-J.  Deutscher,  F.  Kuschel,  H.  Schubert,  Of fenlegungs- 
schrift  2429093,  Bundesrepublik  Deutschland,  Deutches  Patentant, 
(Jan.  23,  1975). 

bSmectic  to  nematic  transition  reported  at  38.5°C,  but  not  obs.  here. 


TABLE  II 

Composition  of  Liquid-Crystal  Mixtures 


Compound 

Mole  Fraction 

In  Mixtures 

Code 

Length, 

O 

L,  A 

A 

B 

C 

D 

E 

F 

G 

10- (C)5 

21.40 

0.497 

0.463 

0.394 

0.283 

- 

- 

- 

20-(C)3 

20.06 

0.311 

- 

- 

- 

- 

- 

- 

20-(C)5 

22.53 

0.192 

- 

0.135 

- 

- 

- 

- 

40- (C)4 

23.84 

- 

0.537 

0.470 

0.358 

0.507 

0.483 

60- (C)4 

26.15 

- 

- 

- 

- 

- 

- 

1.000 

60- (C)5 

27.41 

- 

- 

- 

0.359 

0.493 

0.517 

- 

HRL  mixture  No. 

6N7 

6N4 

6N5 

6N10 

6N6 

6N6R 

60- (C) 4 

Table  III.  Average  Length  and  Nematic  Range  of  Mixtures 


Mixture 


L,  Average 
Length,  A 


No,  R  +  R' 
Carbons 


mp  °C  clpt,  °C 


Calc.3  Obs.  Calc.3  Obs. 


A 

B 

C 

D 

E 

F 

G 


21.20 

5.88 

22.71 

7.07 

22.70 

7.07 

24.43 

8.51 

25.60 

9.48 

25.68 

9.55 

26.15 

10.00 

16.2 

14.4 

76.7 

76.1 

13.9 

14.2 

70.6 

69.3 

8.8 

4.8 

72.6 

71.6 

-1.1 

-10.0 

73.8 

73.2 

— 

13.4 

— 

75.4 

9.9 

— 

75.0 

74.8 

— 

26.0 

— 

70.0 

Calculated  eutectic  mixture,  using  Schroeder-Van  Laar  equation. 
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Table  IV 


Bend  Elastic  Constant  at  25°C 


Mixture 

^th^FE 

Ac 

k33  x  1011 

A 

3.50 

-1.34 

1.47 

C 

3.20 

-1.26 

1.16 

D 

3.56 

-1.24 

1.41 

E 

3.23 

-1.25 

1.17 

65 


VISCOSITY,  t?  (cP) 


°Fi/OT 


TEMPERATURE,  °C 
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2 


26 


1  22  23  24  25 

L,  AVERAGE  MOLECULAR  LENGTH,  A 


4 
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0248-24R1 


L,  AVERAGE  MOLECULAR  LENGTH,  & 
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APPENDIX  111 


VARIABLE  GRATING  MODE  LIQUID  CRYSTAL  DEVICE 
FOR  OPTICAL  PROCESSING  AND  COMPUTING* 

B.H.  Suffer,  .J.D.  Margerum,  A.M.  Lackner,  D.  Boswell 
Hughes  Research  Laboratories 
3011  Malibu  Canyon  Road 
Malibu,  California  90265 

A.R.  Tanguay,  Jr.,  T.C.  Strand,  A. A.  Sawchuk,  P.  Chavel** 

Image  Processing  Institute 
University  of  Southern  California 
Los  Angeles,  California  90007 

Abstract 

Certain  nematic  liquid  crystal  mixtures  are  observed  to  form  a  "variable 
grating  mode"  (VGM)  for  appropriate  choices  of  cell  design  and  applied  voltage. 

In  this  mode  of  operation,  a  phase  grating  in  the  plane  of  the  cell  arises  from 
a  periodic  variation  in  the  orientation  of  the  liquid  crystal  director.  The 
grating  spatial  frequency  is  observed  to  vary  linearly  as  a  function  of  the 
applied  voltage  above  the  formation  threshold.  Liquid  crystal  and  device  para¬ 
meters  characteristic  of  the  observed  variable  grating  mode  are  presented. 
Utilization  of  the  VGM  effect  in  a  photoconductively-addressed  device  is  shown 
to  provide  an  intensity-to-spatial  frequency  conversion.  Applications  of  this 
unique  type  of  optical  transducer  to  arbitrary  nonlinear  optical  processing 
problems  are  described.  Results  of  level  slicing  experiments  and  implementa¬ 
tion  of  optical  logic  functions  are  presented. 

♦Presented  at  the  8th  International  Liquid  Crystal  Conference,  Kyoto,  Japan,  1980. 
♦♦Permanent  address:  Institut  d'Optique,  Universite  de  Paris  sud,  Orsay,  France. 
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I.  lnl roduc  t i on 

The  variable  grating  mode  (VGM)  effect,  in  which  some  nematic  liquid 
crystal  layers  exhibit  a  lateraily  periodic  optical  phase  characterized  by  a 
voltage  dependent  spatial  frequency,  has  been  observed  by  several  authors 
11-6].  A  VGM  liquid  crystal  device  can  be  constructed  with  the  addition  of  a 
photoconductive  layer  in  series  with  the  liquid  crystal  layer  [4].  When  uti¬ 
lized  as  an  opt ical-to-optical  image  transducer,  this  device  has  the  rather 
unique  property  of  converting  in  real  time  the  intensity  of  an  input  image  into 
a  spatial  frequency.  Such  an  intensity-to-spatial  frequency  converter  can  be 
employed  to  implement  arbitrary  nonlinear  point  operations  on  input  images. 

In  Section  II  of  this  paper,  we  describe  our  investigations  on  the  VGM 
effect  as  a  function  of  compositional  differences  in  phenyl  benzoate  liquid 
crystal  mixtures,  from  which  we  chose  an  ester  mixture  for  use  in  our  photo- 
activated  device.  The  construction  and  operation  of  this  VGM  liquid  crystal 
device  is  described  in  Section  III.  The  unique  approach  to  real  time  point 
nonlinear  optical  processing  offered  by  this  device  is  illustrated  in  Sec¬ 
tion  IV.  The  principal  advantages  with  respect  to  earlier  point  nonlinear 
optical  processing  schemes  [7-12]  including  real  time  approaches  [13-16]  are 
discussed,  especially  for  the  implementation  of  optical  binary  logic  opera¬ 
tions  [17-19]. 

I I .  VGM  Effects  and  Materials  Considerations 

In  the  variable  grating  mode  operation  of  liquid  crystals,  a  phase  grating 
is  formed  with  a  period  that  depends  upon  the  voltage  placed  across  the  cell. 
This  phase  grating  originates  from  a  variation  of  the  optical  path  length  due 
to  a  periodic  orientational  perturbation  of  the  liquid  crystal  uniaxial  index 
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ellipsoid.  lhe  direction  of  periodicity  is  perpendicular  to  the  quiescent 
state  alignment  of  the  liquid  crystal  molecules,  i.e.,  the  domains  are  parallel 
to  the  liquid  crystal  alignment  in  the  off  state.  Typical  spatial  frequency 
variation  is  t rom  100  to  600  cycles/mm.  Figure  1  shows  typical  voltage-induced 
behavior  ot  a  VGM  cell  as  seen  through  a  polarizing  microscope.  The  period  of 
the  phase  grating  can  be  seen  to  decrease  as  the  applied  voltage  increases. 

Some  imperfections  in  the  VGM  device  can  also  be  observed  in  the  photographs. 
Inconsistencies  in  the  grating  alignment  within  each  picture  and  from  picture 
to  picture  may  be  noted.  The  optical  diffraction  patterns  resulting  from  the 
phase  grating  in  a  typical  VGM  cell  are  shown  in  Figure  2. 

We  have  observed  VGM  domains  in  planar  cells  up  to  about  13  pm  in  thickness 
of  the  liquid  crystal.  These  VGM  domains  for  static  fields  are  always  parallel 

to  the  quiescent  state  alignment  direction  on  the  electrode  surface  and  are 

observed  only  with  applied  dc  fields.  These  effects  are  entirely  consistent 
with  the  experimental  results  of  Barnik  et  al.  [6],  but  do  not  support  other 
observations  that  the  cells  must  be  about  6  pm  thick  or  less  [2,4,5],  that  the 
domain  can  be  either  parallel  or  perpendicular  to  the  alignment  direction  [2-5], 
and  that  ac  activation  can  be  used  [2].  Our  undoped  liquid  crystals  were  rela¬ 
tively  high  in  resistivity  (>101D  ohm-cm)  and  showed  little  or  no  dynamic  scat¬ 

tering  even  at  dc  voltages  as  high  as  five  times  the  threshold  voltage. 

The  VGM  effect  in  nematic-phase  liquid  crystals  of  negative  dielectric 
anisotropy  has  been  previously  studied  primarily  with  azoxy  mixtures,  such  as 
Merck  NP-V.  These  yellow-colored  eutectic  mixtures  absorb  light  strongly  in 
the  near  ultraviolet  and  blue  (below  430  nm)  region  of  the  spectrum,  and  can 
undergo  photodecomposition  during  extended  illumination.  We  studied 
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phenyl  benzoate  liquid  crystal  mixtures  because  they  are  colorless  (strong 
absorption  below  350  nm) ,  are  more  stable  to  visible  light  exposures,  and  are 
more  easily  purified  than  the  azoxy  mixtures.  Since  we  have  been  studying 
structural  effects  (particularly  molecular  length)  on  the  anisotropic  and  dyna¬ 
mic  scattering  properties  of  a  series  of  phenyl  benzoate  mixtures  [21],  we 
examined  the  VCM  response  of  this  series  as  well  as  several  other  mixtures. 

The  purpose  was  two-fold:  (1)  to  select  phenyl  benzoate  mixtures  suitable  for 
YUM  studies  in  photoact  ivated  devices,  and  (2)  to  look  for  correlations  of 
structures  or  physical  properties  with  the  VGM  effect.  The  materials  studied 
are  shown  in  Table  1.  Their  VGM  characteristics  are  compared  with  some  of  their 
anisotropic  properties  in  Table  2.  The  voltage  dependence  of  their  VGM  domain 
grating  frequency  is  shown  in  Figure  3. 

Typical  cell  used  in  the  foregoing  experiments  were  fabricated  from  indium 
tin  oxide  (1T0)  -  coated,  1.27  cm  or  0.32  cm  thick  optical  flats.  The  liquid 
crystal  layer  was  confined  by  a  6  pm  Mylar  perimeter  spacer.  The  liquid  crys¬ 
tal  surface  alignment  was  obtained  by  spin-coating  an  aqueous  solution  contain¬ 
ing  polyvinyl  alcohol  on  the  ITO-coated  surfaces,  drying  at  100°C,  and  gently 
rubbing  to  give  a  uniform  directionality.  The  effect  of  dc  voltage  was  observed 
with  a  polarizing  microscope  at  258x  magnification  for  each  liquid  crystal 
mixture.  The  width  d  of  the  domain  period  (line  pair)  is  inversely  propor- 
:  ieii.d  to  applied  voltage  according  to 

d  =  ./V  (1) 

when-  <  is  a  constant  that  is  dependent  on  the  particular  liquid  crystal  mix¬ 
ture.  Tli  is  relationship  is  illustrated  in  Figure  3,  in  which  dc  voltage  as  a 
t unction  ot  grating  frequency  1 / d  for  each  eutectic  mixture  is  a  straight  line 
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with  slope  i.  Values  ol  t  tor  various  liquid  ervstal  mixtures  are  given  in 
Table  2.  A  smaller  value  of  i  is  preferred,  sinee  a  smaller  slope  gives  a 
larger  range  of  spatial  frequency  lor  the  VGM  effect  per  unit  applied  voltage. 
Thus,  HRL-2N40  was  chosen  as  the  best  of  these  ester  I  iquid  crystal  mixtures 
for  use  in  our  studies  of  the  phot oac t  i vat  ed  VGM  device.  The  HRI.-2N42  mixture 
is  also  of  interest  because  its  x  value  is  almost  as  low  as  that  of  HRL-2N40 
and  its  viscosity  is  considerably  lower. 

There  is  an  interesting  correlation  between  the  VGM  effect  and  the  average 
molecular  length  of  the  mixtures  in  the  RO-R'  ester  series  in  Tables  1  and  2. 

As  their  length  increases  (due  to  longer  alkyl  end  groups),  the  and  a  of 
the  first  three  mixtures  (2N42,  2N43,  and  2N42/48)  increase.  The  longer  length 
mixtures  (2N44,  2N46  and  2N48)  do  not  show  VGM  effects.  Since  the  dielectric 
anisotropy  (At:)  is  reported  [6]  to  have  a  large  effect  on  VGM,  it  may  be  the 
change  of  Ac  with  average  length  that  causes  these  results.  In  this  series  the 
Vj.^  increases  as  Ac  becomes  more  negative  (with  increasing  length),  and  no  VGM 
is  observed  when  Ac  is  -0.3  and  more  negative.  This  is  similar  to  the  VGM 
effects  reported  by  Barnik  et  al.  [6]  for  a  much  wider  range  of  Ac.  In  a  more 
complex  series  of  phenyl  benzoate  mixtures  (containing  four  different  classes 
of  end  groups)  they  found  that  Vth  increased  as  Ac  became  more  negative,  and 
they  also  reported  a  critical  value  of  Ac  =  -0.3.  However,  the  critical  value 
of  Ac  apparently  varies  with  composition  of  the  end  group  classes  used  since 
our  2N25  mixture  of  RO-R'  and  RO-OR'  esters  shows  VGM  and  has  At  =  -0.40.  Our 
latter  group  of  three  mixtures  (2NI1,  2N40  and  2N25),  also  shows  a  general  trend 
of  i  .creased  Vj-^  with  more  negative  At  .  The  effect  of  Ac  appears  to  be  less 
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significant  in  those  mixtures  than  in  the  KO-R'  series,  hut  it  should  be  noted 
that  tlie  2N 1 1  mixture  is  quite  different  in  composi t ion  I rom  the  other  two 
ill  i  x  t  u  res  . 

The  grating  lines  in  the  VGM  lie  parallel  to  the  surface  alignment  of  the 
liquid  crystal  director  in  the  off  state.  Although  rubbing  has  proven  to  be 
satisfactory  tor  test  cells,  a  much  more  uniform  homogeneous  alignment  can  be 
obtained  by  ion-beam  etching  certain  types  of  surfaces  [25J.  Figure  4  shows 
thi'  best  quality  of  domains  that  we  have  thus  far  obtained. 

With  the  application  of  alternating  fields  of  about  10  Hz,  some  cells  were 
conductive  enough  to  exhibit  Williams-type  domains  1 26],  These  domains  are 
perpendicular  to  the  quiescent  state  alignment  end  their  periodicity  is  only 
slightly  affected  by  the  applied  field.  The  Williams  domains  exist  in  a  nar¬ 
row  range  above  the  threshold  voltage  due  to  dynamic  scattering  resulting  from 
increasing  turbulent  flow  within  the  cell  as  the  voltage  is  increased  [27], 

This  effect  in  conjunction  with  the  very  small  variation  in  the  spacing  of 
domains,  limits  the  utility  of  this  mode  as  a  diffraction  device.  For  frequen¬ 
cies  below  10  Hz,  a  mixed-mode  behavior  is  observed  in  the  more  conductive 
cells,  with  VGM  and  Williams-type  domains  appearing  sequentially.  The  cells 
also  exhibit  severe  scattering  during  the  appearance  of  the  Williams  domains, 
especially  as  the  frequency  is  raised.  We  have  not  been  able  to  produce  pure 
VGM  behavior  with  alternating  fields  of  zero  average  value  even  for  cases  of 
very  asymmetric  waveforms. 

The  diffraction  efficiency  of  the  VGM  ceils  depends  strongly  on  the  applied 
voltage,  and  can  be  as  large  as  25%  in  the  second  order  (utilizing  HRL  2N40  in 


84 


a  6  pm  thick  cell).  Interesting  polarization  effects  of  the  odd  and  even 
diffraction  orders  as  a  function  of  the  input  light  polarization  are  being 
invest igated . 

1 1 T .  VGM  Device  Description 

The  structure  of  the  present  photoact ivated  VGM  device  is  shown  schema¬ 
tically  in  Figure  5.  This  configuration  is  similar  to  the  dc  photoactivated 
liiuid  crystal  devices  described  previously  [28,29].  The  cell  includes  a  vapor- 
deposited  ZnS  photoconductor  and  liquid-crystal  layer  placed  between  ITO  trans¬ 
parent  electrodes  that  have  been  deposited  on  glass  substrates.  In  operation, 
the  applied  dc  voltage  is  impressed  across  the  electrodes. 

The  operating  principle  of  the  device  is  straightforward.  The  photocon¬ 
ductor  is  designed  to  accept  most  of  the  drive  voltage  when  not  illuminated; 
the  portion  of  the  voltage  that  drops  across  the  liquid  crystal  layer  is  below 
the  activation  threshold  of  the  liquid  crystal  VGM  effect.  Illumination  inci¬ 
dent  upon  a  given  area  of  the  photoconduct ive  layer  reduces  its  resistance, 
thereby  increasing  the  voltage  drop  across  the  liquid  crystal  layer  and  driving 
the  liquid  crystal  into  its  activated  state.  Thus,  because  of  the  VGM  effect, 
the  photoconductor  converts  an  input  intensity  distribution  into  a  local  varia¬ 
tion  of  the  phase-grating  spatial  frequency.  The  high  lateral  resistance  of  the 
thin  photoconductive  film  prevents  significant  spreading  of  the  photoconducti¬ 
vity  and  the  associated  liquid  crystal  electrooptic  effect.  As  a  result,  the 
light-activation  process  exhibits  high  resolution,  as  will  be  discussed  in  more 
detail  below. 
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Because  the  VCM  phenomenon  is  a  dc  instability  effect  occurring  in 
h  igh-resist ivi ty  (,  101,  -cm)  pure  liquid  crystal  compounds,  the  device 

requires  a  high  resistance  photoconduct ive  layer.  Zinc  sulfide  has  been  selec¬ 
ted  as  the  photoconductor  material  for  the  best  resistance  match  with  the  liq¬ 
uid  crystal  layer.  Because  the  liquid  crystal  molecules  are  sensitive  to 
photodecomposition  in  the  ultraviolet,  the  ZnS  layer  is  preferably  made  thick 
enough  to  optimize  photoactivation  in  the  blue  region  of  the  spectrum. 

The  ZnS  layer  is  deposited  on  transparent  ITO  electrodes  by  evaporation  or 
ion-beam-sputtering  methods.  The  sputtered  films  were  0.5  pm  thick,  highly 
transparent  smooth  surface  layers.  With  the  evaporation  technique,  we  produced 
photoconductors  of  1.5  to  5  pm  thickness,  characterized  by  a  hazy,  rough  surface 
appearance  that  caused  difficulties  in  liquid  crystal  alignment  parallel  to  the 
electrodes.  It  has  been  reported  that  vaporized  ZnS  causes  homeotropic  or 
tilted  homeotropic  orientation  of  the  liquid  crystal  material  [30],  Mechanical 
polishing  of  the  evaporated  photoconductors  increased  their  transparency  and 
surface  uniformity,  while  polymer  (PVA)  coating  the  top  of  these  ZnS  layers, 
supplemented  by  additional  surface  treatment,  resulted  in  good  parallel  align¬ 
ment.  Photoconductors  were  evaluated  and  compared  by  measuring  the  dark  current 
and  switching  ratios  of  the  resulting  VGM  devices. 

From  the  preliminary  photosensitive  devices  fabricated  using  a  ZnS  photo- 
conductive  layer  to  achieve  the  necessary  high  resistance,  one  cell  was  selected 
that  aligned  well  and  did  not  suffer  the  usual  rapid  deterioration  seen  in  dc 
operation.  This  deterioration  is  assumed  to  result  from  poisoning  of  the  liq¬ 
uid  crystal  by  the  diffusion  of  ions  from  the  photoconductor.  This  particular 
cell  was  constructed  of  a  5  pm  thick  evaporated  ZnS  layer  that  had  been  polished 
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and  then  rubbed  with  surfactant  polyvinyl  alcohol.  The  counterelectrode  was 

an  ITO  transparent  layer  treated  with  the  same  surfactant.  The  6  um  thick 

liquid  crystal  layer  was  made  of  HRL  2N40  ester.  The  dark  series  resistance 

of  the  2.5  cm  square  cell  was  measured  to  be  3x10s'/.  With  -160  V  applied  to 

the  photoconductor  electrode  and  with  saturation  illumination  of  7.3  mW/cm' 
in  the  passband  410  to  550  nm,  the  spatial  frequency  of  the  VGM  domains  was 
calculated  from  the  observed  angles  of  diffracted  orders  to  be  588  lines/mm. 

The  device  threshold  at  this  illumination  was  21  V,  corresponding  to  a  grating 
frequency  of  103  iines/mm.  The  optical  threshold  at  160  V  is  of  the  order  of 
50  uW/cm1’. 

Planar  VGM  test  cells  were  studied  with  respect  to  edge  effects  on  resolu¬ 
tion  and  possible  "spillover"  of  domains  into  adjacent  unactivated  areas. 
Electrodes  were  specially  prepared  by  removing  sections  of  the  conductive 
coating  by  etching.  A  parallel  plate  cell  was  constructed  such  that  there  were 
conductive  areas  facing  each  other,  either  with  conductive  edges  aligned  or 
with  a  maximum  overlap  of  150  um  of  a  conductive  electrode  over  the  nonconduc¬ 
ting  area.  Cell  spacing  was  6.3  um  and  the  material  was  Merck  NP-V.  For  align¬ 
ment  parallel  to  the  edge  when  operating  close  to  the  threshold  voltage,  domains 
were  parallel  to  the  edge  and  within  the  active  area.  For  higher  voltages, 
there  was  fringe  spillover  by  not  more  than  one  fringe  spacing.  For  alignment 
perpendicular  to  the  edge,  domains  appear  to  either  terminate  at  the  edge  or 
to  join  with  an  adjacent  domain.  The  quality  of  the  edge  behavior  is  shown 
in  Figure  6.  These  studies  indicated  that  implementation  of  the  VGM  effect  in 
an  image  processing  device  should  ultimately  produce  a  resolution  not  limited 
by  degradation  due  to  edge  effects. 
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I V .  Non  linear  Optical  Processing  Using  V(  .M  Devices 

i 

|  I V . A .  Implementation  of  Point  Nonlinear  Functions 

The  VCM  liquid  crystal  device  can  be  considered  to  be  an  intens ity-to-spat ia 1 
frequency  converter  capable  of  operating  on  two-dimensional  images.  The  inten- 
sity-to-spatial  frequency  conversion  allows  the  implementation  of  arbitrary  point 
nonl inear  it ies  with  a  simple  Fourier  plane  filters.  When  an  input  image  illumi¬ 
nates  the  photoconductor  surface  of  this  device  the  intensity  variations  of  the 
input  image  change  the  local  grating  frequency.  If  coherent  light  is  utilized 
to  Fourier  transform  the  processed  image,  different  spatial  frequency  components 
of  the  encoded  image,  corresponding  to  different  input  intensities,  appear  at 
different  locations  in  the  Fourier  plane  as  shown  in  Figure  7.  Within  the  dyna- 

.1 

mic  range  of  the  device,  intensities  can  thus  be  mapped  monotonical ly  into  posi- 
j  tions  along  a  line  in  Fourier  space.  The  input  intensity  distribution  has  thus 

been  coded  into  Fourier  (spatial  frequency)  space.  If  the  spatial  frequencies  of 
the  VGM  domains  are  much  larger  than  the  largest  spatial  frequency  component 
encountered  in  the  images  to  be  processed,  we  are  in  the  tractable  situation, 
familiar  in  communications  theory,  where  the  carrier  frequency  is  much  higher 
than  the  modulation  frequencies.  Thus,  by  placing  appropriate  spatial  filters 
in  the  Fourier  plane  it  is  possible  to  obtain  different  transformations  of  the 
input  intensity  in  the  output  plane  as  depicted  in  Figure  7b.  This  figure 
describes  the  variable  grating  mode  nonlinear  processing  algorithm  graphically. 

The  input  intensity  variation  is  coverted  to  a  spatial  frequency  variation  by 
the  characteristic  function  of  the  VGM  device  (upper  right-hand  quadrant).  These 
variations  are  Fourier  transformed  by  the  optical  system  and  the  spectrum  is  modi¬ 
fied  by  a  filter  in  the  Fourier  plane  (upper  left-hand  quadrant).  Finally,  a 
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square-law  detection  produces  the  intensity  observed  in  the  output  plane  (lower 
left-hand  quadrant).  Considered  together,  these  transformations  yield  the 
overall  nonlinearity  (lower  right-hand  quadrant).  Design  of  a  proper  spatial 
filter  for  a  desired  transformation  is  a  relatively  easy  task.  For  example,  a 
level  slice  transformation  requires  only  a  simple  slit  that  passes  a  certain 
frequency  band  or  bands.  A  mathematical  formulation  of  nonlinear  processing 
utilizing  the  VGM  device  is  presented  elsewhere  [31].  The  principal  result  of 
this  analysis  is  the  relation 

bv0  >  2N  (2) 

where  b  is  the  pixel  width,  vg  is  the  lowest  usable  VGM  spatial  frequency,  and 
N  is  the  number  of  distinguishable  grey  levels.  This  relation  requires  that 
the  pixel  size  contains  2N  periods  of  the  lowest  grating  frequency  if  N  grey 
levels  are  to  be  processed.  For  example,  a  100x100  pixel  image  could  be  pro¬ 
cessed  with  50  distinguishable  grey  levels  on  a  50  mm  square  device  with 
Vq  =  200  cycles/mm. 

The  ability  to  perform  arbitrary  point  nonlinearities  over  two-dimensional 
images  greatly  increases  the  flexibility  of  optical  processing  system.  In  the 
past  few  years  several  different  approaches  to  the  problem  of  implementing 
generalized  nonlinearities  have  been  investigated.  These  have  included  half¬ 
tone  screen  techniques  [7-10],  nonlinear  devices  [13-16],  feedback  methods 
[11],  and  a  variable  level  slice  [16]  among  others.  The  main  advantage  of  the 
VGM  approach  over  previous  methods  is  the  ease  of  programming  the  functional 
nonlinearity  desired  for  a  given  image  transformation.  This  is  done  simply 
by  changing  the  transmittance  distribution  of  the  spatial  A  filter  in  the 
optical  processing  system.  The  spatial  filter  is  of  relatively  low  resolution 
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and  need  only  have  a  space-bandwidth  product  equal  to  the  number  of  grey  levels 
to  be  processed  independent  of  the  space-bandwidth  product  of  the  input  image. 


The  same  programmability  advantage  applies  to  the  implementation  of  binary 
logic  operations.  One  device  can  be  used  to  implement  any  of  the  combinatorial 
logic  operations  (AND,  OR,  XOR,  and  their  complements)  by  simple  changing  a 
Fourier  plane  filter.  Previously  described  optical  logic  systems  were  "hard¬ 
wired"  to  perform  specific  operations  [17-20],  in  most  cases  one  or  more  logic 
functions  proved  difficult  or  cumbersome  to  implement.  Use  of  the  VGM  liquid 
crystal  device  for  the  implementation  of  combinatorial  logic  operations  is 
described  below. 

IV. B.  Demonstration  of  a  Level  Slice  Function  with  the  VGM  Device 

In  this  experiment  the  ability  of  the  VGM  device  to  generate  a  level-slice 
nonlinearity  is  demonstrated.  The  experimental  arrangement  is  shown  in 
Figure  8.  A  continuous  tone  input  picture  is  illuminated  by  an  arc  lamp  source 
and  imaged  onto  the  photoconductor  surface  of  a  VGM  device  which  initially 
exhibits  a  uniform  phase  grating  structure  due  to  a  dc  bias  voltage.  The 
grating  period  is  locally  modulated  by  the  input  picture  intensity,  and  this 
modulation  is  mapped  into  a  position  along  a  line  in  the  spatial  filter  plane. 

A  red  filter  ensures  that  only  the  readout  laser  beam  enters  the  coherent 
optical  processor.  Sectors  of  small  circular  annuli  of  varying  radii  are  used 
to  pass  certain  spatial  frequency  bands.  This  in  effect  allows  only  prescribed 
input  intensity  ranges  to  appear  in  the  output.  Circular  rather  than  straight 
slits  are  used  to  capture  the  weak  light  which  in  small  part  is  diffracted 
into  circular  arcs  (see  Figure  2)  because  of  the  grating  imperfections  (see 
Figure  1).  Figure  9  shows  both  the  input  and  level  sliced  output  pictures. 
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Figure  9a  shows  a  positive  print  of  the  original  image  as  photographed  on  the 
imaging  screen.  A  negative  of  the  original  was  used  in  the  experiments. 

Figure  9b  shows  a  low  intensity  Level  slice  corresponding  to  a  VGM  spatial  fre¬ 
quency  of  120  lines/mm  with  approximately  3%  bandwidth.  In  Figure  9c  another 
level,  corresponding  to  153  lines/mm,  is  shown.  Figure  9d  at  236  lines/mm 
illustrates  the  interference  from  second  harmonics.  Weak  second  harmonics  of 
the  low  intensity  image  slice  corresponding  to  118  lines/mm  can  appear  in  the 
236  lines/mm  level  slice.  In  Figure  9e,  a  broader  slice  of  approximately  11% 
bandwidth  was  taken  centered  about  the  level  corresponding  to  140  lines/mm. 

This  picture  may  be  compand  with  the  previous  slices  and  particularly  with  the 
slice  shown  in  Figure  9c.  Finally,  Figure  9f  shows  a  very  high  input  intensity 
slice  at  440  lines/mm  with  10%  bandwidth.  Three  grey  levels  may  be  seen  simul¬ 
taneously;  these  correspond  to  the  superposition  of  three  broad  intensity 
slices. 


IV. C.  VGM  Implementation  of  Logic  Functions 

To  see  how  the  VGM  device  can  b  •  used  to  implement  binary  logic  operations, 
one  need  only  realize  that  the  function  of  a  logic  circuit  can  be  represented 
as  a  simple  binary  nonlinearity  operating  on  the  incoherent  superposition  of 
two  binary  images  as  input.  As  shown  in  Figure  10,  NOT  is  simply  a  hard-clip¬ 
ping  inverter,  while  AND  and  OR  are  hardclippers  with  different  thresholds  and 
XOR  is  a  level  slice  function. 

The  VGM  device  is  well  suited  to  implementing  this  type  of  nonlinearity. 
Since  the  nonlinearities  associated  with  logic  operations  are  binary  functions, 
they  can  be  implemented  with  simple  slit  apertures,  i.e.,  0  or  1  transmittance 
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values.  A  noteworthy  advantage  of  the  VGM  approach  over  previous  optical  logic 
methods  [17-20]  is  the  ease  of  programming  the  nonlinearity,  by  merely  changing 
the  aperture  in  the  spatial  frequency  plane. 

Another  feature  of  the  VGM  technique  that  is  especially  suitable  for  logic 
processing  is  that  the  input  and  output  are  physically  separate  beams.  The 
input  beam  modulates  a  photoconductor;  concurrently  the  image  is  read  out  with 
a  second  beam.  This  separation  of  input  and  output  provides  for  the  possibility 
of  restoring  the  output  levels  to  the  desired  0  and  1  values  even  if  the  input 
levels  are  not  exactly  correct.  This  feature  is  essential  to  the  production  of 
a  reliable  logic  system  that  is  immune  to  noise  and  systematic  errors  in  the 
levels.  Electronic  logic  elements  possess  such  level  restoring  capability,  but 
currently  proposed  optical  logic  schemes  [17-20]  lack  this  essential  charac¬ 
teristic  . 

A  series  of  experiments  were  conducted  to  demonstrate  the  fundamental 
logic  functions.  Two  input  fields  were  superimposed  at  the  VGM  plane  along 
with  a  bias  illumination.  The  total  illumination  intensity  on  the  photoconduc¬ 
tor  of  the  VGM  device  was  thus  the  sum  of  the  two  input  intensities  and  the 
bias  intensity.  The  input  illumination  was  a  filtered  high-pressure  mercury 
arc  lamp.  The  bias  illumination  was  provided  by  a  collimated  tungsten  bulb 
source.  The  VGM  device  was  read  out  in  transmission  using  a  HeNe  laser.  A 
filter  was  placed  in  the  Fourier  plane  to  select  the  desired  spatial  frequen¬ 
cies  for  each  logic  function. 

For  these  experiments,  the  inputs  consisted  of  one  vertical  rectangular 
aperture  and  one  horizontal  aperture.  When  these  were  superimposed  along  with 
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the  bias,  a  square  image  was  formed  with  the  four  quadrants  having  the 
intensity  Levels  shown  in  Figure  11.  This  image  corresponds  to  the  logic  truth 
table  shown.  Thus  the  output  images  have  intensity  levels  determined  by  the 
truth  table  associated  with  the  desired  logic  function.  The  logic  functions 
AND,  OR,  XOR  and  their  complements  were  implemented  sequentially  as  shown  in 
Figure  11  by  altering  only  the  Fourier  plane  filter.  Imperfections  visible  in 
the  output  plane  data  arise  from  defects  in  the  cell  structure  of  the  VGM  device 
employed  in  these  experiments. 

A  more  complete  discussion  of  VGM  Logic  implementation  can  be  found  in 
Reference  [32], 

V.  Conclusion 

The  variable  grating  mode  effect  can  be  incorporated  in  a  photoconduc- 
tively-addressed  device  structure  which  provides  an  overall  intensity-to-spa- 
tial  frequency  conversion.  The  optical  processing  experiments  using  the  VGM 
liquid  crystal  device  described  in  this  paper  demonstrate  the  potential  of  this 
real  time  optical  image  tranducer  for  numerous  parallel  nonlinear  operations 
on  images.  The  molecular  origin  of  the  VGM  phenomenon  is  now  being  studied 
in  connection  with  the  behavior  of  the  VGM  phase  grating  as  observed  by  polari¬ 
zation  microscopy  and  polarization-dependent  optical  diffraction.  Improvements 
in  such  characteristics  of  the  device  as  response  time,  uniformity,  dynamic 
range  and  density  of  defects  are  under  continuing  investigation. 
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Table  I.  Liquid  Crystal  Mixtures  Used  for  VGM  Studies 


Class  and  Number 

r.nd  Croup 

Mole 

Composi t ion 

Fraot ion 

Nematic 

mp,  °C 

Range 

clpt,  °C 

Average 
Length,  X 

Alkoxy /Alkyl 

Dia lkoxy 

Dialkyl 

Azoxy 

Merck  NP-V 

1.000 

- 

-5 

73 

18.69 

RO-R'  Esters3 

HRL-2N42 

1.000 

- 

- 

5 

58 

20.39 

HRL-2N43 

1.000 

- 

- 

-6 

52 

22.37 

HRL-2N42/48 

1.000 

- 

- 

2 

57 

23.36 

HRL-2N44 

1.000 

- 

- 

-8 

51 

24.31 

HRL-2N46 

1.000 

- 

- 

16 

55 

25.92 

HRL-2N48 

1.000 

- 

- 

18 

56 

27.14 

RO-OR'  Components11 

HRL-2N 1 1 

- 

.428 

.572 

13 

47 

22.26 

HRL-2N40 

.755 

.245 

- 

0 

58 

22.68 

HRL-2N25 

.772 

.228 

0 

56 

24.48 

RO-R'  refers  to  4-alkoxyphenyl  4-alkylbenzoate  esters.  See  Reference  21  for  the  exact 
composition  of  these  multicomponent  mixtures. 

RO-OR'  refers  to  4-alkoxyphenyl  4-alkoxybenzoate  esters.  See  References  22,  23,  and  24 
for  the  exact  composition  of  2N11,  2N40,  and  2N25,  respectively.  The  2N11  mixture  has 
a  R-R'  component,  4-buty lphenyl  4-toluate,  and  no  RO-R'  components. 


Table  U.  Liquid  Crystal  Anisotropic  Troperties  and  VGM  Response 


1,1’  Number 

Viscosity 
at  25°C, 
(cP) 

An  at 
22°C  6 
589  nm 

AC-Resistivity 
».A  x  !0~10 
(ohm-cm) 

.'.L 

at  25°C 

4,  5  KHz 

Vth 

(volts) 

VGM  Characteristics3 

Width,  Slope,  x 

(um)  (Vmm/lp) 

NP-V 

24.9 

0.290 

2.0 

-0.2 

10 

8.5 

0.082 

2N42 

32.6 

0.162 

6.  1 

-0.22 

10 

5.4 

0.099 

2N4  3 

36.5 

0.  148 

7.2 

-0.25 

25 

8. 1 

0.287 

2N42/48 

36.9 

0.140 

33.0 

-0.29 

35 

5.6 

0.340 

2N44 

38.  1 

0.1  36 

10.0 

-0.03 

b 

2N46 

39.8 

0.135 

21.0 

-0.30 

b 

2N48 

44.5 

0.134 

23.1 

-0.33 

b 

2N1 1 

43.8 

0.133 

2.8 

-0.05 

15 

5.1 

0.122 

2N40 

46.9 

0.151 

8.5 

-0.28 

16 

4.3 

0.089 

2N25 

48.5 

0.139 

11.0 

-0.38 

21 

7.1 

0.203 

a  The  threshold  voltage,  vth’  t*le  l°west  voltage  at  which  the  width  of  the  domain  period, 
dth*  was  easily  measured  in  cells  with  6  urn  spacers. 

b  No  VGM  observed  up  to  100  V  dc. 
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Diffraction  pattern  of  well  aligned  VGM  cell. 
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Figure  3  VGM  voltage  dependence  for  various  liquid  crystals 
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Figure  5.  Schematic  diagram  of  the  VGM  device  construction.  Current  devices 
are  read  out  in  transmission  at  a  wavelength  at  which  the  photo¬ 
conductor  is  insensitive. 
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Figure  8.  Experimental  setup  used  to  perform  the  level  slice 

experiments.  The  spatial  filter  was  a  variable  annular 
aperture. 
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Level  slicing  with  the  VGM  LCLV 
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Figure  10.  Logic  functions  as  simple  nonlinearities. 

Given  an  input  consisting  of  the  sum  of 
two  binary  inputs,  different  logical 
operations  can  be  effected  on  those 
inputs  by  means  of  the  depicted  non¬ 
linear  characteristics.  (a)  NOT, 

(b)  AND,  (c)  OR,  (d)  XOR. 
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APPENDIX  IV 


EFFECTS  OF  MOLECULAR  LENGTH  ON  NEMATIC  MIXTURES. 

I I I. AN ISOTROPIC  PROPERTIES  OF  4-ALKYLPHENYL 
4-ALK0XYBEN7.0ATE  MIXTURES. 

J.  David  Margerum,  Siu-May  Wong,  Anna  M.  Lackner, 

John  E.  Jensen,  and  Scott  A.  Verzwyvelt 

Hughes  Research  Laboratories 
3011  Malibu  Canyon  Road 
Malibu,  California  90265 

Abstract 

Properties  of  multicomponent  nematic  mixtures  of  4-alkylphenyl 
4-alkoxybenzoates  are  studied  as  a  function  of  temperature  and  their  average 
molecular  length  (L) .  The  L's  vary  between  21.47  and  27.67  A  for  mixtures 
with  clearpoints  in  the  43  to  60°C  range.  The  refractive  indices,  density, 
and  the  ex  component  of  dielectric  permitivity  all  decrease  approximately 
linearly  as  L  increases.  There  are  much  larger  changes  in  flow  viscosity 
(n) ,  conductivity  anisotropy  (oh/o^),  and  dielectric  anisotropy  (Ae)  .  At 
25°C  as  L  increases:  The  n  is  relatively  high  and  increases  sharply  (from  47 
to  78  cP)  ,  the  <j|,  /oL  decreases  and  drops  below  unity  (from  1.35  to  0.58),  and 
the  Ae  changes  from  positive  to  negative  (from  +0.27  to  -0.26).  The  tempera¬ 
ture  dependence  of  On/olt  with  tetrabutylammonium  tetraphenylboride  as  a 
dopant,  indicates  cybotactic  nematic  characteristics  are  present  for  the 
longer  L  mixtures  in  which  there  are  an  average  of  about  nine  or  more  alkyl 
carbons  from  both  end  groups.  The  large  decrease  in  Ae  at  higher  L  is 
attributed  to  increased  molecular  association  effects  in  the  cybotactic 
nematic  mixtures. 


Ill 


1  .  lilt  roduc  t  ion 


Wo  have  found  that  the  anisotropic  properties  of  nematic  liquid  crystals 
(LCs)  in  two  series  of  ester  mixtures  depend  strongly  on  their  average  molecu¬ 
lar  length  (L)  ,  which  was  varied  by  using  mixtures  of  components  with  different 
length  alkyl  end  groups.1*2  The  present  study  is  designed  to  determine  if 
similar  correlations  also  pertain  to  mixtures  of  4-alkylpheny 1  4-alkoxyben- 
zoates  (R-OR'  mixtures),  and  particularly  to  find  out  how  L  affects  their 
cybotactic  nematic  characteristics  and  the  related  anisotropic  properties  of 
flow  viscosity  (n),  conductivity  anisotropy  (o„ /oA) ,  and  dielectric  anisotropy 
(Ac) .  Comparisons  are  made  with  the  other  two  series  of  esters  already 
studied,  namely  4-a 1 koxypheny 1  4-alky lbenzoate  (RO-R')  mixtures1  and 
4-alkoxyphenyl  4-alkylcyclohexanecarboxylate  (RO-[C]R')  mixtures2. 

1 1 .  Experimental 

The  components  in  the  LC  mixtures  are  pheny lbenzoate  esters  made  by 
reacting  the  appropriate  p-alkylphenols  and  p-alkoxybenzoyl  chlorides.  Most 
of  the  reactants  are  obtained  commercially  from  either  Aldrich  Chemical, 
Frinton,  or  Eastman  Organic.  The  hexyloxy-,  pentyloxy-,  and  octyloxy-benzoyl 
chlorides  are  prepared  from  the  corresponding  benzoic  acids.  The  esters  are 
purified  by  st-veral  recrystallizations  and  are  checked  for  impurities  by 
thin-layer  chromatography  and  by  high-performance  liquid  chromatography 
(Waters  Assoc.  Model  ALC-202/401  with  a  microporasil  column).  The  esters  all 
show  less  than  0.5%  impurities,  and  their  undoped  LC  mixtures  all  have  resis¬ 
tivities  greater  than  1011  u-cm  at  25  C.  The  equipment  used  for  studies  on 
thermal  analysis,  flow  viscosity,  density,  refractive  index,  dielectric 
anisotropy,  and  conductivity  anisotropy  were  described  previously.1*2 
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III.  Results  and  Discussion 


I I I . A .  LC  Components  and  Mixtures 

The  thermal  properties  of  the  pheny Ibenzoate  compounds  used  in  our 
mixtures  are  shown  in  Table  I,  where  R  and  R’  are  n-alkyl  groups  indicated  by 
the  general  structure  in  Figure  la.  The  melting  points  and  heats  of  fusion 
from  Table  I  are  used  to  calculate  the  eutectic  mixtures  shown  in  Table  II. 

The  molecular  length  (L)  of  each  compound  is  measured  from  the  end-to-end 
distance  in  CPK  models  as  indicated  in  Figure  1,  using  a  fully  extended  con¬ 
formation.  Table  III  shows  the  average  molecular  length  of  each  mixture  and 
the  observed  nematic  range  compared  to  the  calculated  nematic  range.  In 
several  mixtures,  components  with  only  small  differences  in  L  are  used 
together.  This  can  be  done  when  the  R  and  R'  end  groups  of  one  component 
differ  substantially  from  those  of  another  component  (e.g.,  3-05  with  7-01, 
and  1-06  with  5-01).  All  of  the  mixtures  are  nematic  in  the  temperature  ranges 
of  this  study,  but  mixture  M  (HRL-2P36)  has  a  smectic  to  nematic  transition 
just  below  room  temperature,  at  20°C. 

III.B.  Refractive  Index,  Birefringence,  Density,  and  Dielectric  Constant 

The  effect  of  L  on  the  refractive  indices  (nM  and  n^ )  and  birefringence 
(An)  are  shown  in  Figure  2.  Changes  in  the  density  (d) ,  and  dielectric  con¬ 
stant  (ej,)  as  a  function  of  L  are  shown  in  Figure  3.  Both  n|(  and  nA  decrease 
as  L  increases,  as  expected  since  longer  L  increases  just  the  aliphatic  end 
group  length  of  the  molecules,  while  the  more  polarizable  central  part  of  the 
structure  is  the  same.  There  is  an  overall  trend  in  which  An  decreases  with 
L,  although  the  results  are  somewhat  variable  from  mixture  to  mixture.  The  d 
and  £x  values  decrease  linearily  as  L  increases,  due  to  the  increasing 
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contribution  of  alkyl  groups  to  the  molecular  volume  of  these  aromatic  esters. 
The  value  of  at  25°C  decreases  by  about  0.12  units  per  added  methylene 
group,  which  is  similar  to  the  changes  observed  in  the  RO-R'  series. 

IV.  Viscosity 

The  effect  of  temperature  on  the  flow  viscosity  is  shown  for  four  of  the 
mixtures  in  Figure  4.  The  plots  of  log  n  versus  T  ^  are  not  quite  linear; 
similar  curves  are  found  for  all  of  the  other  mixtures,  whose  plots  are  all 
within  the  range  of  those  shown  in  Figure  4.  The  sharp  rise  in  each  viscosity 
curve  at  higher  temperatures  corresponds  to  the  clearpoint  transition  to  the 
isotropic  liquid,  which  has  a  higher  q  that  that  of  the  nematic  mixture. 

This  rise  of  n  at  the  clearpoint  is  expected  because  LC  flow  viscosities  are 
often  approximately  equal  to  the  Helfrich  viscosity  which  has  been  shown 
to  increase  near  the  clearpoint. 3  * 1,3  The  effect  of  L  on  viscosity  is  shown 
in  Figure  5.  Although  there  is  considerable  scatter  in  the  q  values  at  25“C, 
both  the  25  and  40°C  curves  indicate  that,  in  general,  n  increases  rapidly 
with  increasing  L.  These  values  of  q  at  25°C  range  from  about  47  to  78  cP, 
which  are  considerably  higher  than  the  33  to  44  cP  values  observed  for 
RO-R'  mixtures  over  the  same  L  variation.  Presumably,  the  higher  q  of  the 
R-OR'  mixtures  is  partly  due  to  the  increased  polarity  of  its  molecules,  in 
which  the  electron-donating  alkoxy  group  is  in  a  para-position  to  the 
electron-accepting  carbonyl  group  of  the  aromatic  ester.  The  exponential 
increase  of  as  L  increase  from  25  to  28A  is  attributed  to  the  presence 

of  cybotactic  nematic  characteristics  (short  range  smectic  ordering)  as 
described  below. 
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V.  Conductivity  Anisotropy 


The  conductivity  anisotropy  (0,,/Oj.)  of  tetrabuty lammonium  tetraphenylboride 
(TBATPB)  in  six  different  R-OR'  LC  mixtures  is  shown  as  a  function  of  tempera¬ 
ture  in  Figure  6.  Included  are  mixtures  with  the  shortest  as  well  as  the 
longest  average  molecular  length  in  this  series.  The  temperature  dependence 
of  oM  / ox  in  mixtures  K  and  M,  in  which  o|(/a i  increases  substantially  as  the 
temperature  increases,  is  indicative  of  cybotactic  nematic  characteris¬ 
tics.  5»6»7»8  Mixture  M  shows  smectic-like  o^/o^  values  (less  than  1.0)  below 
41°C,  with  a  value  of  only  0.58  at  25°C,  although  we  observe  its  smectic 
nematic  transition  to  be  at  20°C.  Cybotactic  nematic  effects  are  just  dis¬ 
cernible  in  mixtures  H  and  I,  where  the  total  average  number  of  carbon  atoms 
in  the  R+R'  end  groups  are  7.8  and  9.5  respectively.  Thus,  in  the  R-OR'  mix¬ 
tures,  short  range  smectic  ordering  appears  when  the  sum  of  the  end  group 
n-alkyl  carbons  is  about  nine  or  more.  Similar  cybotactic  nematic  effects 
were  observed  in  the  RO-R'  series  when  the  sum  of  the  alkyl  end  group  carbons 
reached  an  average  of  ten  or  more.  The  cybotactic  nematic  effects  are  stronger 
and  occur  at  shorter  Ls  in  these  R-OR*  mixtures  than  in  the  RO-R'  mixtures.1 
The  effect  of  L  is  shown  more  clearly  in  Figure  7,  where  the  a(|/o L  values 
are  all  compared  at  the  same  reduced  temperature  of  T  =  0.93Tc>  At  the 
shorter  Ls  the  a„/a L  values  of  TBATPB  in  these  R-  >R'  mixtures  are  just  a  little 
lower  than  those  in  the  RO-R'  mixtures  at  the  same  reduced  temperature. 

e 

However,  the  steep  decrease  of  o||/oi  above  26A  which  is  shown  in  Figure  7  for 
these  R-OR'  mixtures  was  not  observed  in  the  RO-R'  series.  Because  the 
viscosity  of  these  R-OR'  mixtures  also  increases  sharply  above  26A  (Figure  5), 
we  atrribute  the  r^o  changes  to  the  corresponding  increase  in  cybotactic 
nematic  character. 


115 


V 1 .  Djo 1  of  trio  Anisotropy 

The  temperature  effects  on  A>  are  shown  for  six  of  the  mixtures  in 
'•'inure  8.  In  the  shorter  length  mixtures  (A  and  C)  the  At  decreases  steadily 
with  temperature  and  drops  to  zero,  as  expected  for  positive  nematic  mixtures. 
The  medium  length  mixtures  (H  and  I)  and  the  longer  length  mixtures  (K  and  M) 
all  show  an  increase  of  Ar  with  increasing  temperature,  with  maximum  values 
not  far  below  their  clearpoints.  At  25°C  mixture  K  is  nearly  zero  and  M  has 
a  negative  Ac  value  rather  than  the  positive  Ac  usually  associated  with 
R-OR'  LCs;  the  Ac  mixture  of  M  is  as  negative  as  that  of  mixture  A  is  positive. 
The  effect  of  1.  on  Ac  is  shown  in  Figure  7  at  the  reduced  temperature  of 
T  =  0.93Tc>  where  there  is  a  linear  decrease  of  Ac  with  increasing  L.  The 
effects  of  temperature  on  the  cx  is  similar  in  all  of  these  mixtures,  as 
shown  in  Figure  9.  Thus,  the  maxima  seen  for  the  Ac  of  H,  I,  K  and  M  in 
Figure  8  are  caused  mainly  by  the  changes  in  the  e„  of  these  mixtures.  This 
is  probably  due  to  increased  polar  associations  of  the  central  part  of  the 
molecules  in  the  cybotactic  nematic  phase.  Such  an  increase  in  the  anti¬ 
parallel  correlation  of  the  dipoles  along  the  director  has  been  described  in 
general  by  deJeu4^  for  pre-transitional  smectic  order  in  the  nematic  phase. 

He  cited  4 ,4 ' -d ihepty lazoxybenzene  as  an  example  in  which  Ac  decreased  as  the 
nematic  phase  approached  the  smectic  transition.  We  observe  here  a  much 
larger  Ac  effect  in  mixture  M  in  the  25  to  50°C  range.  However,  we  note  from 
prior  studies'  that  cybotactic  nematic  ordering  alone  is  not  sufficient 
to  cause  decreases  in  t|(  and  Ac.  This  can  be  seen  in  Figure  10,  were  the 
temperature  effects  on  At  are  shown  for  both  short  and  long  L  mixtures  in  the 
three  series  R-OR',  RO-R' ,  and  R0-[C]R'.  The  Ac  of  each  of  these  structural 
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classes  Is  affected  differently  by  L,  although  cybotactic  nematic  effects  are 

I 

observed  in  each  class  at  long  L.  There  are  strong  cybotactic  nematic  charac- 
teristics  in  the  long  RO-[C]R'  mixtures  but  the  Ac  is  less  negative  in  the 

long  L  mixtures  than  in  the  short  L  mixtures  where  no  cybotactic  effects  are  j 

,  observed.  The  intermolecular  association  effects  appear  to  be  much  larger  in 

the  R-OR'  mixture,  probably  due  to  the  dipolar  character  of  the  p-alkoxy- 
benzoate  structure. 

VII .  Conclusions 

The  flow  viscosity  of  R-OR'  mixtures  increases  strongly  with  increasing 

_ 

L,  and  the  n  values  are  substantially  higher  than  in  RO-R'  LC  mixtures  of 
comparable  length.  Cybotactic  nematic  effects  are  observed  when  the  total 
average  number  of  R  +  R'  alkyl  end  group  carbons  is  9  or  more.  The  0,,/Oj^ 
and  Ac  values  decrease  with  increasing  L.  The  R-OR'  nematic  mixtures  with 
1  long  L  have  smectic-like  characteristics  of  <  1,  At  <0,  and  high  n 

instead  of  the  usual  (nearly  opposite)  characteristics  found  at  short  L.  The 
behavior  in  long  L  mixtures  appears  to  be  related  to  increased  anti-parallel 
association  of  central  molecular  dipoles  along  the  director  as  the  cybotactic 
nematic  character  is  increased  by  the  longer  alkyl  end  groups. 
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Table  1.  Thermal  Properties  of  Components 


Compound 

mp, 

°C 

Clpt  , 

°C  AHf 

R  OR' 

Code 

Obs. 

Li t . 

Obs. 

Lit.  Real /Mole 

CH.,  OC4H9 

1-04 

77.4 

- 

a 

6.96 

CH.,  OC,  H .  , 

5  o  1  3 

1-06 

62.5 

- 

50.7 

5.86 

C3H7  0SHn 

3—05 

42.5 

41b 

51.7 

47b  6.76 

c3h7  oc7h1. 

3-07 

65.0 

65b 

56.5 

58b  6.63 

C  5 H  j  J  0CH3 

5-01 

28.6 

29. 5b 

42.1 

43. 5b  3.56 

C5H11  0C6Hn 

5-06 

49.8 

48b 

62.2 

62b  5.23 

C-,H[5  0CH3 

7-01 

32.6 

34c 

42.8 

42. 5C  5.56 

C7H 1 5  0C6H 1 3 

7-06 

46.0 

45. 5C 

63.5 

63c  5.77 

C7H1 5  OC8H17 

7-08 

47.7 

- 

67.3 

6.92 

'no  elpt  observed 

,  but 

30°C  is  used  as  an 

approximate  virtual 

neumatic  elpt. 

b.J.  P.  Van  Meter 

and  B. 

H.  Klanderman,  Mol 
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L iq .  Cryst . ,  22 , 

271  (1973). 

1 R.  Steinstrasser 

,  4  th 

International  Liq. 

Cryst.  Conf . ,  Kent,  Ohio 

(1972). 
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Table  II.  Composition  of  Liquid  Crystal.  Mixtures 


Table 

III.  Average 

Length  and 

Nematic  Range  of  R- 

-OR'  Mixtures3 

Mixture 

Average 

Length, 

L,  A 

Average 
Carbons 
in  R  +  R' 

mp,  °C 

Calc.  Obs. 

Clpt .  , 
Calc . 

°C 

Obs.c 

A 

21.47 

6.24 

15.3 

44.2 

43.2 

B 

21.77 

6.50 

2.7 

44.6 

44.8 

C 

21.93 

6.63 

4.6 

45.8 

44.5 

D 

22.15 

6.80 

-0.2 

43.5 

43.0 

E 

22.16 

6.80 

17.6 

45.0 

44.6 

F 

22.38 

7.00 

6.4 

46.3 

45.6 

G 

23.13 

7.60 

10.1 

48.6 

49. 1 

H 

23.89 

7.59 

10.3 

48.9 

49.5 

I 

25.31 

9.45 

7.8 

51.1 

51.5 

J 

26.29 

10.28 

13.8 

52.0 

53.0 

K 

26.58 

10.51 

9.0 

54.3 

55.3 

M 

27.67 

11.42 

3.3  ( 19. 9)d 

60.5 

60.6 

3  Calcu 

lated  as  eutectic  compositions,  with  L  calc. 

from  Table  II. 

k  All  mixtures  are  nematic  at  room  temperature. 

C  Clpt. 

observed  in  viscometer  bath. 

cl  . 

Smectic  to  nematic 

transition 

obs.  by  DSC. 
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Figure  1(a).  General  structure  of  R-OR'  LC  mixture  components. 


Ml  3108  9248-3 


Figure  1(b).  Model  of  4-n-propylphenyl  4-n-hepty loxybenzoate  (3-07)  show¬ 
ing  the  molecular  length  used  (L  =  25.87  A). 


REFRACTIVE  INDEX, 


9248— 16R1 


L,  AVERAGE  MOLECULAR  LENGTH,  X 


Figure  2.  Refractive  index  and  birefringence  of  R-OR'  LC  mixtures  as  a 
function  of  L.  (589  nm,  21°C). 
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Figure  6.  Effect  of  temperature  on  conductivity  anisotropy  of  R-OR* 
mixtures  with  TBATPB  dopant. 
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EFFECTS  OF  MOLECULAR  LENGTH  ON  NEMATIC  MIXTURES. 

IV.  STRUCTURE  EFFECTS  ON  VISCOSITY  OF  ESTER  MIXTURES. 

J.  David  Margerum,  Siu-May  Wong,  and  J.  E.  Jensen 

Hughes  Research  Laboratories 
3011  Malibu  Canyon  Road 
Malibu,  California  90265 

Abstract 

The  flow  viscosity  (n)  of  nematic  ester  mixtures  is  studied  as  a  function 
of  average  molecular  length  (L) ,  chemical  structure,  and  temperature.  When 
L  is  increased  by  use  of  longer  alkyl  end  groups,  the  n  of  less  polar  mixtures 
increases  while  the  n  of  strongly  polar  mixtures  changes  slightly  or  even 
decreases.  However,  when  cybotactic  nematic  characteristics  occur  with 
increased  L,  then  n  increases  sharply.  Studies  of  n  are  made  for  eighteen 
different  classes  of  ester  structures  used  as  additives  in  4-alkoxyphenyl 
4-alky lbenzoate  (RO-R')  mixtures  at  fixed  values  of  L  for  both  additive  com¬ 
ponents  and  mixtures.  Many  interesting  effects  of  structure  on  n  are  observed, 
and  approximate  class  viscosities  (hc^asg)  at  25°C  are  assigned  to  each  of  the 
18  classes.  The  rut-o  of  other  ester  mixtures  is  estimated  by  summing  p 

4 J  ClaSS 

times  the  mole  fraction  of  that  class  present  in  the  mixture.  These  n  , 

calc 

values  are  generally  within  10%  of  the  actual  for  multicomponent  ester 

mixtures  containing  some  RO-R'  components.  Temperature  variations  often  result 
in  a  non-linear  plot  for  log  p  vs  T  *  of  ester  mixtures.  The  apparent  activa¬ 
tion  energy  between  25°  and  40'C  generally  increases  strongly  with  the  n  of  the 
mixture,  ranging  from  6.7  to  12.0  kcal/mole  between  values  of  16  and 

118  cP. 
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I.  Introduction 


The  flow  viscosity  (n)  of  a  nematic  liquid  crystal  (LC)  is  an  anisotropic 
physical  parameter  which  is  relatively  simple  to  measure  and  is  often  used  to 
help  characterize  LC  mixtures.  It  is  often  assumed  that  the  electrooptical 
response  time  of  a  LC  is  faster  for  mixtures  with  lower  n  values.  We  have  been 
studying  the  properties  of  ester  LC  mixtures  for  electrooptical  applications, 
particularly  in  regard  to  dynamic  scattering  (DS)  effects.1-6  In  each  of  three 
classes  of  ester  LC  mixtures,  we  found  that  their  q  values  at  a  given  tempera¬ 
ture  increased  with  the  average  molcular  length  (L)  of  the  mixtures.1-3 
Mixtures  within  two  of  these  classes  of  esters,  4-alkoxyphenyl-4-alkylbenzoates 
(RO-R1)  and  4-alkoxyphenyl  4-alkylcyclohexanecarboxylates  (RO-[C]R'),  showed 
DS.  Their  DS  decay  times  increased  with  n  in  surface-perpendicular  cells, 
although  not  in  surface-parallel  cells. 1,2  However,  in  six  different  multiclass 
ester  mixtures,  the  DS  on-times  and  decay  times  in  surface-parallel  cells  were 
generally  longer  for  the  LCs  with  the  higher  q  values.4  When  new  mixtures  are 
being  considered  for  the  optimiazation  of  various  LC  properties,  it  Is  important 
to  understand  the  molecular  structure  effects  of  the  components  on  q.  There  is 
also  a  need  to  predict  the  approximate  n  of  mixtures,  such  as  newly  calculated 
eutectic  LC  mixtures  formulated  from  several  classes  of  nematic  esters. 

In  this  study,  our  main  approach  is  to  evaluate  the  viscosity  contributions 
of  various  classes  of  LC  ester  structures  by  measuring  the  capillary  flow 
visocity  of  RO-R'  mixtures  which  contain  these  other  esters  as  added  components. 
This  permits  us  to  study  many  different  components  in  room-temperature  nematics, 
to  compare  results  at  similar  temperatures,  to  vary  systematically  the  L  of 
several  series,  and  to  compare  structural  effects  on  viscosity  by  measurements 
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at  fixed  values  of  L.  Although  these  results  are  specifically  related  to  the 
behavior  of  components  in  RO-R'  mixtures,  we  find  that  very  useful  structural 
correlations  are  observed  and  that  the  n  of  new  ester  mixtures  can  be  estimated 
with  fairly  good  accuracy. 

II.  Experimental 

The  flow  viscosity  is  measured  in  calibrated  Cannon-Manning  type  viscometer 
tubes  held  in  a  temperature  controlled  water  bath.  The  calibrated  ranges  are 
3  to  15,  7  to  35,  and  20  to  100  CS,  respectively,  in  three  different  diameter 
tubes.  In  several  cases,  overlapping  results  from  different  size  tubes  are 
found  to  be  in  good  agreement  (i.e.  there  is  no  tube  diameter  effect  on  n) . 

The  density  is  measured  in  calibrated  pycnometer  tubes,  at  the  same  temperatures 
as  the  viscosity. 

The  class  structures  and  the  class  code  abbreviations  for  the  LCs  used  in 
this  study  are  shown  in  Figure  1.  The  structures  are  listed  in  decreasing  class 
viscosities,  as  shown  in  the  third  column.  These  assigned  nc^asg  values  are 
derived  from  the  present  studies,  as  described  below  in  the  section  on  results. 
The  compounds  used  as  additives  are  listed  in  Table  I,  where  the  numbers  in  the 
compound  code  refers  to  the  number  of  carbons  in  each  straight  chain  alkyl  end 
group.  For  example,  7-6  is  the  abbreviation  for  4-n-heptylphenyl  4-n-hexyl- 
benzoate.  The  molecular  lengths  are  measured  using  CPK  molecular  models  in  a 
fully  extended  configuration,  as  previously  described.1  3  The  melting  points 
listed  are  mostly  crystalline  to  nematic  transitons,  except  for  a  few  crystal¬ 
line  to  smectic  transitions,  and  the  clearpoints  are  nematic  to  isotropic 
transitions.  The  lower  end  of  the  transition  temperatures  are  given,  as 
determined  from  differential  scanning  calorimetry  (DSC)  analysis1  or  from  a 
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hot  stage  attachment  (Mettler  FP5)  on  a  polarizing  microscope.  Most  of  the  l.C 
compounds  are  synthesized  at  the  Hughes  Research  Laboratories  (HRL) ,  and  the 
preparation  of  some  of  them  has  been  reported  previously.1-9  The  commercial 
LC  samples  are  used  as  received,  except  for  EK-11650  which  is  recrystallized 
prior  to  use.  Many  of  the  other  LCs  in  Table  1  are  p  epared  by  standard  methods 
from  the  corresponding  commercially  available  benzoyl  chlorides  and  phenols 
(or  thiophenols) ,  e.g.  the  RO-OR',  RS-OR' ,  and  R-R'  compounds.  The  acid  inter¬ 
mediates  for  the  R-f>OR'  compounds  are  prepared  by  hydrolysis  of  the  comraerc ia  1 1  y 
available  (BDH)  4-a lkoxy-4 ' -cyanob ipheny Is  according  to  the  procedure  of  Byron 
et  al.10  The  phenol  intermediates  for  the  R-OOC<pR'  compounds  are  prepared  by 
refluxing  the  4-alky lphenol  with  4-hydroxybenzoic  acid  in  toluene  with  sulfuric 
and  boric  acid  added.11  The  resulting  phenol  is  isolated  and  reacted  with  a 
benzoyl  acid  chloride  to  give  the  corresponding  diester.  The  4-butoxythiophenol 
intermediate  for  40605  and  4063  is  synthesized  by  the  alkaline  hydrolysis  of  the 
corresponding  xanthate  esters  as  described  by  Tarbell  and  Fukushima. 1 2  Thin- 
layer  chromatography  and  liquid  chromatography  analysis  are  used  to  evaluate  the 
purity  of  the  recrystallized  ester  LCs.  (Note  that  7-4  is  distilled,  b.p. 

220°  at  0.05  mm.)  The  impurity  content  of  the  LC  compounds  is  less  than  0.5%, 
although  the  R(CN)-4>0R'  compounds  and  some  of  the  commercial  samples  may  be 
slightly  less  pure.  The  LC  eutectic  mixtures  used  in  these  studies  are  listed 
in  Table  II.  The  component  mole  fractions  are  given  here  for  those  mixtures 
not  previously  reported  in  the  literature.  All  of  the  HRL  mixtures  are  formu¬ 
lated  by  claculations  with  the  Schroeder-Van  Laar  equation,  using  heat  of 
fusion  and  melting  points  data  obtained  by  DSC  analysis  of  the  components. 


III.  Results  and  Discussion 


III.  A.  Effects  of  Molecular  Length 

In  three  series  of  single  class  ester  mixtures,  namely  RO-R'  ,  RO-[C]R', 
and  R-OR',  the  n  values  in  each  series  increases  as  the  L  of  the  mixtures 
increase. 1-3  For  comparison  purposes,  these  results  are  summarized  in  Fig¬ 
ure  2.  In  each  series,  L  was  increased  by  an  increase  in  the  average  length 
of  just  the  R  and  R'  alkyl  end  groups.  The  relationship  between  n  and  f,  in  the 
RO-R'  series  indicates  that  the  increase  in  molecular  length  has  a  larger  effect 
on  n  than  the  relative  decrease  in  overall  molecular  polarity  caused  by  the 
longer  alkane  groups.  Similar  effects  are  seen  in  isotropic  liquids,  such  as 
n-alkyl  acetates.11  We  believe  that  the  large  (exponential)  increases  in  the 
■  of  the  RO-[C]R'  and  R-OR'  series  at  longer  L  is  due  to  the  strong  cybotactic 
nematic  (short  range  smectic)  characteristics  identified  in  these  mixtures.2*3 
The  flow  viscosity  of  a  nematic  LC  usually  corresponds  approximately  to  the 
Helfrich  viscosity  n^fin  which  the  director  is  parallel  to  the  flow  direction) 
when  the  temperature  is  well  below  the  clearpoint . 1 4  ’ 1  5  The  short  range 
smectic  ordering  in  the  longer  L  RO-[C]R'  and  R-OR'  mixtures  impedes  the  flow 
parallel  to  the  director  and  increases  n.  In  the  shorter  L  (<23A)  of  Figure  2 
there  are  no  cybotactic  characteristics  and  the  effects  of  molecular  structure 
can  be  compared  between  the  three  series.  Use  of  the  cyclohexane  ring  in 
RO-[C]R',  in  place  of  the  benzene  ring  in  RO-R',  substantially  decreases  t|. 

This  is  probably  largely  due  to  the  decreased  polarity  of  the  cyclohexane 
ester  carbonyl  as  compared  to  the  aromatic  ring  and  its  ester  carbonyl  group. 

On  the  other  hand,  when  the  alkoxy  group  is  switched  from  the  phenol  side  in 
RO-R'  to  the  acid  side  in  R-OR'  the  polarity  of  the  molecules  is  increased  and 
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increases.  This  is  largely  due  to  the  electron-donating  and  conjugation 
etlects  of  the  p-alkoxyl  group,  which  increases  the  polarity  of  the  ester 
carbonyl  in  the  K-OR'  structure  as  compared  to  the  RO-R'  structure. 


Since  it  is  difficult  to  prepare  room  temperature  nematics  of  most  other 
single  class  ester  mixtures,  we  studied  the  F.  effects  on  the  n  of  many  ester 
structures  as  additives  to  the  RO-R'  mixtures.  The  data  are  given  in  Tables 
III,  IV,  V  and  VI,  along  with  graphical  summaries  in  Figures  3,  4  and  5.  The 
'  ,^0  data  with  25  mole  percent  additives  are  shown  in  Figure  3,  where  the 
effect  of  I.  is  found  to  vary  with  the  structure  of  the  additive  ester.  In  the 
mixture  with  R-R'  additives,  n  varies  with  L  as  in  the  100%  RO-R'  case.  Mix¬ 
tures  with  R0-0R'  esters  show  slightly  less  dependence  of  i|  on  L.  The  shorter 
L  mixtures  with  NC-R  additives  behave  similarly,  but  n  increases  sharply  at 
longer  L  values.  The  n  of  the  mixtures  with  R- (Cl )00C4>R '  additive  decrease 
slightly  as  L  increases.  These  effects  can  be  understood  better  by  examining 

Figure  4,  in  which  the  L  effects  are  shown  on  the  calculated  viscosity  (n  ) 

calc 

contribution  attributed  to  the  added  ester  in  the  RO-R'  mixture.  If  x  is  the 

mole  fraction  of  the  additive,  then  we  determine  p  from  equation  (1)  at  the 

calc  n 

L  of  the  overall  mixture: 


nobs  =  ncalc(x)  +  nR0-R'(1-x) 


u; 


Thus,  r,calc  is  the  apparent  viscosity  of  the  additive  in  the  mixture.  (We  have 

found  that  the  most  consistent  results  are  obtained  when  n  ,  and  n  .  are 

calc  RO-R 

both  taken  at  the  L  of  the  overall  mixture  rather  than  at  the  L  of  each  class 
prior  to  mixing.)  The  Hca^c  values  in  Figure  4  are  for  mixtures  in  which  x  is 
only  0.25  or  0.10  so  that  the  additive  is  in  the  presence  of  a  large  excess 
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of  RO-R'  molecules.  The  results  are  strongly  dependent  on  the  polarity  of  the 
additive  ester  structure.  The  n  .  of  R-R'  esters  increases  with  L  slightly 
more  steeply  than  does  the  n  of  the  100%  RO-R'  mixtures.  The  R-R'  compounds 
are  not  very  polar:  the  dominant  effect  on  ii  ,  is  the  increased  length  of  the 
end  groups.  With  the  more  polar  RO-OR'  additives,  n  ^  is  approximately 
constant:  the  increase  in  L  of  the  mixture  is  apparently  offset  by  the  dilution 
of  intermolecular  dipole  interactions  as  the  non-polar  end  groups  are  lengthened. 
The  NC-R  additives  are  strongly  polar  and  their  n  ^  is  independent  of  L 
in  the  shorter  mixtures;  however,  it  increases  sharply  at  longer  L  where 
cybotactic  nematic  structures  are  formed.  This  is  a  behavior  related  to  the 
induced  smectic  phases  observed  by  others16-16  when  strongly  polar  LCs  are 
mixed  with  relatively  non-polar  LCs.  In  the  mixtures  with  R-  (Cl  )00C<t>R ' 
additives,  the  ica^c  decreases  as  L  increases:  presumably,  decreased  dipole 
interactions  occur  as  the  alkyl  end  groups  are  lengthened  and  this  overrides 
the  effects  of  longer  L. 

IV .  Effect  of  Additive  Concentration 

The  n  ,  value  of  R- (Cl )00C4>R'  at  a  constant  L  strongly  increases  as  its 
calc 

concentration  in  the  mixture  increases  when  more  than  25  mole  percent  is  used. 

This  is  shown  by  the  data  in  Table  VI  and  Figure  5.  We  believe  that  this  is 

because  the  polar  interactions  between  R-  (Cl  )00C(j>R'  molecules  is  greater  than 

those  between  R- (Cl ) 00C d>R '  and  RO-R'  molecules.  As  indicated  below,  we  have 

observed  similar  effects  in  comparing  n  for  RO-OR'  in  75%  RO-R'  versus 

the  higher  n  ,  value  of  a  100%  mixture  of  RO-OR'  components,  and  also  in 
obs 

the  increase  of  n  for  R(CN)-<fOR'  when  the  RO-R'  components  are  75% 
instead  of  90%. 
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V .  Effects  of  Structure 

We  tinl  ;ed  the  effects  of  molecular  structure  by  measuring  the  n  of  various 
ester  additives  (10  or  25  mole  percent)  with  fixed  L  in  RO-R'  mixtures  of  fixed 
L.  Three  such  series  of  measurements  are  shown  in  Tables  VII,  VIII  and  IX. 

Table  VII  is  the  main  series,  with  each  additive  class  averaging  27.03a  in 
length  and  25%  added  to  HRL-2N42.  Some  of  the  components  are  not  soluble  enough 
for  25%  mixtures,  so  the  Table  VIII  series  uses  10%  of  such  length  additives 
(27.03A)  added  to  HRL-2N42.  There  is  some  overlap  of  classes  in  Tables  VII 
and  VIII  in  order  to  compare  concentration  and  L  effects.  The  series  in 
Table  IX  is  measured  to  compare  esters  with  the  corresponding  thioesters  (of 
which  we  have  available  only  relatively  short  length  components)  with  25% 


additives  of  22.50A  added  to  HRL-2N42.  In  each  table  the  additives  are  listed 

in  decreasing  n.  The  overall  results  are  compared  as  n  ,  values  in  Table  X, 

r  calc 

and  our  assigned  class  viscosities  are  shown  in  Figure  1.  These  assigned 


'class  values  are  specifically  for  about  10  to  25%  of  the  class  structure  in 
RO-R'  mixtures  with  an  overall  average  L  of  22A. 


Many  interesting  correlations  of  n  ,  with  structural  features  are 

class 

indicated  in  Figure  1,  including  some  effects  already  known  from  other  studies. 
These  semi-quantitative  results  clearly  show  the  following  relationships  for 
the  t^ass  of  the  same  length  ester  structures  used  in  relatively  short  length 
RO-R'  ester  mixtures: 
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IT3 


Factor  Decreasing  r,c^agg 


Examples 

(Relative  Size  of  n  ) 
class 


•  Replace  benzoate  with  cyclohexane-  RO-R’  ■  RO-|C]R' 

carboxy late 


•  Replace  £-alkoxy  with  alkyl  RO-R'  and  R-OR'  >  R-R' 

RO-OOCR '  >  R-OOCR' 

RO-OR’  >  RO-R'  and  R-OR’ 
ROSOR'  >  ROSR '  and  R60R’ 
R-4>0R'  >  R-tpR 
R(CN)-<j>OR'  >  R(CN)-4>R' 

•  Move  £-alkoxy  from  acid  to  phenol  R-OR'  >  RO-R' 

s  ide 


•  Replace  aromatic  with  aliphatic 
groups 

•  Replace  £-CN  by  alkoxy  or  alkyl 

•  Replace  £-CN  by  hydrogen 

•  Replace  o-Cl  by  hydrogen 

•  Replace  thiobenzoate  by  benzoate 

•  Replace  benzoyloxy  with  phenyl 

•  Replace  phenyl  with  acyloxy 


R4>-R '  and  R~<j>R'  >  R-R’ 
R— 4>0R '  >  R-OR' 

R-OOC(j>R '  >  R-OOCR' 

NC-R  >  RO-R’  and  R-R’ 

R  (CN)  -4>0R  ’  >  R-i|>OR ' 
R(CN)-4>R’  >  R—  <f>R ' 

R-  (Cl  )OOC<f>R'  >  R-OOC^R' 

ROSOR'  >  RO-OR' 

RSOR'  >  R-OR' 

ROSR'  >  RO-R' 

R-OOCi)>R'  >  R-<(>OR' 

R-<pR'  >  R-OOCR' 


These  results  are  partially  consistent  with  the  general  rule  that n  is  increased 
by  more  polar  structures.  Thus  large  increases  in  n  are  observed  from  strong 
dipolar  groups  (e.g.  cyano) ,  and  by  groups  which  increase  the  molecular  dipole 
and  polarizability  (e.g.  alkoxy  para  to  the  ester  carbonyl).  On  the  other 
hand,  different  factors  must  be  considered  in  other  cases.  For  example,  the 
-alklphenyl  substituent  in  R—  <)>R '  gives  a  larger  n  than  does  the  more  polar 
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]>-aeyloxv  group  in  R-OOCR' .  The  relatively  large  effect  on  n  by  phenyl  groups 

(  i . e .  biphenyl  esters)  may  be  due  to  a  combination  of  effects  such  as  a  larger 

molecular  volume,  more  of  a  bent-rod  molecular  shape,  and  increased  inter- 

molecular  association  as  compared  to  acyloxy  and  alkoxy  groups.  The  high 

•  ,  values  of  the  biphenyl  esters  is  seen  on  either  end  of  the  ester  sub¬ 

class 

strate,  i.e.  ,  :  R-<f>R'  >  R-OR'  •  R-OOCR'  -•  R-R'  and  also  R(f>-R’  >  RO-R'  R-R' . 


VI.  Predicting  n  of  New  Mixtures 


We  find  that  the  n^o  of  short  length  ester  LC  mixtures  can  be  estimated 
with  fairly  good  accuracy  by  using  equation  (2),  where  x^  is  the  total  mole 
fraction  of  each  class. 

n  ,  =  L(n  )  •  x  (2) 

mix  class  i  i 

The  calculations  from  equation  (2)  are  often  more  accurate  than  estimates 

made  by  taking  the  average  of  the  actual  ns  of  the  pure  components.  For 

example,  in  mixing  25%  of  the  R- (Cl )OOC4>R'  LC  HRL-2P37  with  75%  of  the  RO-R' 

LC  HRL-2N48  the  n„  is  65.2  cP  and  the  calculated  n  .  is  65.2  cP,  whereas  the 
25  mix 

is  95.0  cP.  On  the  other  hand,  differences  are  noted  between  our  assigned 

r'class  va^ues  anc*  t^le  n  °f  those  single  class  mixtures  with  more  with  polar 

structures.  This  is  shown  in  Table  XI-A,  where  the  ^50  of  100%  R-CCHOOCfR' 

and  of  100%  RO-OR'  is  much  larger  than  the  T'c^ass  value  determined  from  10  to 

25%  of  these  structures  in  RO-R’  mixtures.  As  noted  above,  the  high  n  values 

of  the  100%  polar  LCs  is  attributed  to  increased  intermolecular  effects  as 

compared  to  their  interaction  when  mixed  with  the  less  polar  RO-R’  esters.  The 

less  polar  single  class  mixtures,  such  as  R-0R’,  R-OOCR' ,  and  R0-[C]R'  show 

better  agreement  with  the  n  values. 

c  lass 


*  -  .v, 


Multiple  class  mixtures  containing  some  RO-R'  components  have  n 


values 


25° 

that  are  within  20%  of  the  value  predicted  by  our  n  ,  calculation.  As 

mix 

il lustrated  in  Table XI-R,  the  r  .  values  are  often  quite  accurate.  We  find 

mix 

that  when  the  calculated  and  observed  values  are  not  very  close,  as  in  the 

HRL-26N4  and  HRL-246NI  mixtures,  the  n  ,  is  generally  higher  than  the  n  .  . 

mix  °  obs 

Thus,  we  use  the  as  an  approximate  upper  limit  for  estimating  the  r^o 

of  new  ester  mixtures  —  particularly  those  mixtures  designed  to  have  low 
viscosity  and  negative  dielectric  anisotropy. 

VII.  Temperature  Effects 

Although  100%  mixtures  of  RO-R'  esters  showed  a  linear  plot  of  log  n  versus 
T  other  ester  mixtures  studied  previously 2-4  as  well  as  the  ones  in  this 
study  do  not  give  a  linear  equation  (3)  plot.  Instead, 

log  n  -  log  A  +  E^/RT  (3) 

the  n  values  above  room  temperature  are  larger  than  expected  from  the  variations 
near  25°C.  This  is  the  case  even  well  below  the  clearpoint.  (The  n  increases 
sharply  at  the  clearpoint,  in  a  manner  similar  to  changes  observed  for  n 2 
measurements.15)  For  comparison  purposes,  we  have  calculated  the  apparent  E 

T"i 

values  from  the  slope  of  equation  (3)  curves  between  the  fixed  temperature 
of  25°  and  40°C.  These  data  are  summarized  in  Figure  6  which  includes  results 
from  prior  papers.1  ’  The  values  in  the  100%  RO-R'  series  (various  Ls) 
does  not  vary  appreciably.  However,  in  the  100%  R0-[C]R'  series  (various  L) 
and  in  the  Table  VII  mixtures  (constant  L,  with  25%  additive  ester  and  75% 

RO-R')  the  apparent  E^  increases  linearily  with  log  11250*  In  fact,  all  of  the 
data  points  for  all  of  the  short  length  mixtures  in  Figure  6  (the  dark  points) 
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are  roughly  correlated  by  this  relationship,  with  apparent  ranging  from 

6.7  to  12.0  kcal/mole.  This  indicates  that  in  the  25°  to  40°C  range  the  change 
of  n  with  temperature  is  greatest  for  the  most  viscous  ester  mixtures  and 
smallest  for  the  least  viscous  esters.  We  have  also  calculated  an  apparent 
E'  for  the  mixtures  between  fixed  n  values  of  30  and  15  cP  and  the  correspond¬ 
ing  (variable)  temperature.  These  E^  values  range  between  7.7  and  9.6  kcal/ 
mole,  with  an  average  value  of  8.5  kcal/mole.  We  have  found  no  obvious 
relationship  between  these  apparent  E'  values  and  the  component  structures, 
nor  the  L  of  the  mixtures. 

VIII.  Conclusions 

These  studies  give  semi-quantitative  values  to  the  viscosity  characteristics 
of  18  different  classes  of  LC  ester  structures.  When  new  LC  mixtures  are  made 
from  among  these  classes  of  esters,  the  n25„  can  be  predicted  with  fairly  good 
accuracy.  The  calculated  value  generally  provides  an  upper  limit  for  n>  and  is 
often  within  10%  of  the  actual  value  of  the  mixture.  Our  correlations  of 
n  ,  with  various  structural  features  also  provide  a  good  basis  for  rough 
estimates  of  the  n  contributions  of  additional  classes  of  ester  LCs.  The 
formulation  of  LC  mixtures  for  electro-optical  applications,  generally  involves 
trade-off  of  properties  e.g.  for  a  mixture  with  wide  nematic  range,  low  n> 
negative  dielectric  anistropy  (At)  and  high  conductivity  anistropy  for  DS 
devices.  In  general  the  lowest  n  values  are  obtained  with  short  L  mixtures 
of  the  less  polar  esters.  Short  L  mixtures  also  give  less  cybotactic  nematic 
effects.  The  cyclohexanecarboxylates,  RO-fCjR',  are  one  of  the  few  structures 
with  low  n,  negative  At,  and  fairly  high  clearpoints.  The  acyloxy  esters 
(R-OOCR1  and  RO-OOCR')  have  relatively  low  ps  for  polar  structures  of 
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negative  >  .  In  contrast,  the  o-cyanopheny 1  bipheny lcarboxylates  such  as 

R(CN)-<J>R’  have  strongly  negative  At  and  high  clearpoints,  but  they  also  have 

such  high  r  ,  values  that  even  in  small  amounts  they  greatly  increase  the 
class 

■  of  most  mixtures.  Relatively  low  r  ester  mixtures  for  DS  are  made  by 
including  components  from  classes  such  as  RO-[C]R',  RO-R' ,  and  R-OOCR'.  The 
lower  n  mixtures  also  show  less  temperature  dependence  on  n  than  do  the  higher 
•  mixtures. 
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Tab  1 e  1 

Liquid  Compounds  Usud  as 

Add i t i ves 

in  Viscosity 

Studies 

Class  Cocte 

Compound  Code 

Mol  ecu  1 ar 

Length,  A 

Me  1 1  ing 
Point,  °C 

Cl earpoint , 
°C 

Source 

R  (CN  )-<}>0R ' 

4(CN)-(J>03 

25.82 

103 

137 

HRI.C 

4  (CN )  —  ip 0 5 

28.14 

80 

126 

HRLC 

R(CN)  -'i>R 1 

7  (CN ) -4>5 

31.50 

44 

103 

Merck (S 1 0 1 4 ) 

R-4.0R' 

4— (}>03 

25.82 

118 

196 

HRL 

4 — <fi  0  5 

28.14 

92 

165 

HRL 

R-(C1)  OOC4R 1 

2-(Cl)00C^2 

23.79 

60 

126 

HRL 

5  —  (  C 1 )  OOC  5 

31.03 

40 

122 

Kodak( 11650) 

R-OOC  {iR ' 

2-00C42 

23.79 

143 

190 

HRL 

4 -OOC  <|i  4 

28.31 

88 

186 

HRLd 

ROSOR ' 

10804 

21.20 

74 

107 

HRL® 

10806 

23.90 

65 

100 

HRL6 

40605 

26.40 

84 

104 

HRL 

RO-OR' 

10-01 

17.52 

124 

- 

HRL 

10-04 

21.09 

92 

79 

HRL 

10-06 

23.54 

93 

76 

HRL 

20-01 

18.72 

97 

93 

HRL 

40-01 

21.13 

79 

80 

HRL 

40-05 

26.03 

71 

84 

HRL6 

60-01 

23.60 

55 

77 

HRL  6 

60-05 

28.50 

55 

84 

HRL 

NC-R 

NC-4 

20.  18 

68 

39 

HRLd 

NC-7 

23.57 

43 

55 

HRLd 

R-<t>R' 

5-4)5 

28.98 

96 

176 

Merck(S101 1 ) 
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Table  I.  Liquid  Crystal  Compounds  Used  as  Additives  in  Viscosity  Studies  (Cont) 


Mo  1  ecu  1  a r 

Me  1 t ing 

Cl ea  rpoint , 

» 

Class  Code 

Compound  Code  Length,  A 

Point,  °C 

°C 

Sou  rce 

RO-OOCR ’ 

40-OOC4 

25.40 

67 

84 

HRL 

60-OOC  5 

28.92 

51 

86 

e 

URL 

R;— R ' 

34-4 

25.55 

93 

182 

Merck (S 1 01 3) 

51-4 

27.95 

97 

172 

Merck ( S 1 0 1 2) 

RSOR ' 

1 S06 

22.51 

66 

78 

HRL 

R-OR' 

1-06 

22.25 

62 

51 

HRLf 

3-07 

25.87 

65 

57 

HRLf 

5-06 

27.51 

50 

62 

HRLf 

L-OOCR ' 

3-OOC5 

24.81 

48* 

55S 

Merck( S i 008 ) 

7-OOC5 

28.88 

4  2b 

61b 

Merck(S1008) 

ROSR ' 

4  OS  3 

22. 50 

51 

82 

HRL 

RO-R' 

40-3 

21.78 

71 

61 

HRL8 

40-6 

25.81 

40 

49 

HRL8 

60-5 

27.03 

41 

59 

HRL8 

R-R’ 

4-1 

18.72 

36 

- 

HRLb 

5-5 

24. 16 

33 

EMC1 

7-4 

25.68 

9 

15 

HRL 

7-6 

27.92 

32 

23 

HRL 

R0-[ C ] R ' 

4  0— [ C )  4 

23.84 

40 

70 

hrl' 

60- (C  J  5 

27.41 

32 

80 

HRLj 

a  .  i 

Lit  .  value, 

bUt.  value,  R.  Steinstrasser,  7..  Naturforsch.  2  7b,  774  (1972). 

cSee  ref  7.  dSee  ref  8.  CSee  ref  4.  fSee  ref  3.  8See  ref  1.  hSee  ref  9. 

Electronic  Materials  Corp.  JSee  ref  2. 
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Table  II.  Liquid  Crystal  Killed  ie  Mixtures  Used  in  Viscosity  Studies 


M i x  t  u re 

No. 

Componen  t  s 

Length 

L,  A 

Mel t ing 
Point,  °C 

Cl earpoint 
°C 

HR!.-2N25a 

20-3, 

60-4  , 

60-0! 

24.48 

0 

54 

HRl.-2N40b 

10-1  , 

20-3, 

20-5,  40-1, 

22.68 

0 

58 

40-6, 

60-01 

HRI.-2N4  2*' 

10-1, 

20-3, 

1 

o 

<r 

in 

J 

o 

20.39 

5 

58 

40-3 

HRL-2N441' 

20-5, 

40-3, 

60-4 

24.31 

-8 

51 

HR1.-2N46C 

40-3, 

40-6, 

60-5 

25.92 

16 

55 

HRL-2N48C 

60-3, 

60-5, 

80-3,  80-6 

27.14 

18 

56 

HRL-2N54d 

10-01 

,  10-04 

,  10-06, 

23.23 

( 2  5 ) 8 

( 78 ) 8 

20-01 

,  40-01 

,  40-05, 

60-01 

HRI.-2P37e 

2—  (C  1 

)00C<(>2, 

5—  (Cl)  00Cf«5 

28.05 

(21)g 

( 1 24 ) 8 

Merck  Sl008f  3-00C5,  7-OOC5 

26.12 

20 

56 

aComponent 

mole  fraction 

s  are  C 

1.132,  0.640, 

and  0.228 

respectively. 

bSee  ref  6. 

C See  ref  I. 

^Component  mole  fractions  are  0.045,  0.05L,  0.033,  0.078,  0.118,  0.291,  and 
0.383  respectively. 

Component  mode  fractions  are  0.412  and  0.588  respectively. 

^Components  mole  fractions  are  reported  to  be  0.586  and  0.414. 

^Calculated  values. 
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Tab  1  e 

III.  Ef  feet  of 

L  on  Viscosity:  RO-R'  With 

25%  R-R' 

R-R  ’ 

Component 

RO-R’ 

Components 

1(A) 

Mixture  With  75% 

Clearpoint 

°C 

RO-R’ 

Viscosity 
r;  2  5  ° 

(cP) 

ri40° 

4-1 

HRL-2N42 

19.97 

45 

29.1 

15.  1 

5-5 

HRL-2N42 

21.33 

45 

28.5 

14.6 

7-4 

HRL-2N42 

21  .71 

42 

31 .  1 

17.3 

7-6 

HRL-2N4  2 

22.27 

42 

32.1 

16.1 

4-1 

HRL-2N48 

25.03 

47 

37.7 

- 

7-6 

HRL-2N48 

27.34 

48 

39.9 

21.0 
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Table  IV. 


Kl.ivt  ol  on  V  i  sens  i  L  y  .  RO-H  '  With  25  X  RO-OR 


RO-OR1  Components 

Mixture  With 

752  RO-R’ 

In 

RO-R’ 

C 1  ea rpo  in  t 

Vi  sen: 

;ity  (cl’y 

Compound 

M ix  t  u re 

Componen t  s 

1.  (A) 

°C 

25" 

,l40° 

| i 0-04 

1 

10.61 j 
i 

IIRI.-2N42 

20.02 

62 

46.4 

1 10-06 

14  .  14) 

60-01 

2  5.00 

HRI.-2N4  2 

21.19 

62 

44.5 

19.8 

j 40-05 

I 5.00 J 

{ 

I1R1.-2N42 

22.05 

65 

49.3 

21  .9 

>  60-05 

10.00) 

60-01 

( 24 . 50)  3 

(HR1.-2N40)3 

22.68 

58 

46.4 

20.8 

J  20-0 1 

) 

10.00| 

( 

URI.-2N44 

23.27 

57 

48.4 

22.5 

140-01 

15.00) 

60-01 

25.00 

HRL-2N44 

24.  13 

57 

47.4 

22.6 

40-05 

25.00 

HRL-2N44 

24.  74 

60 

50.2 

25.7 

60-05 

25.00 

HRL-2N44 

25.36 

61 

51.2 

26. 1 

60-01 

25.00 

KRL-2N48 

26.25 

60 

52.0 

23.5 

‘*HRI.-2N40 

contains  24 

.5  mole  percent 

60-01  ; 

see  ref  6. 
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Table  V.  Kffect  of  I.  on  Viscosity:  RO-R'  With  25%  NC-R 


NC-R  Components'1 
Additive  !.  (A) 

RO-R1 

Components 

L  (A) 

Mixture  With 

Density 

At  25°C 

75%  RO-R’ 

Viscosity  (cP) 
r'25° 

20.39 

HRI.-2N42 

20.39 

1.087 

45.6 

21.86 

HRC-2N42 

20.76 

1.070 

45.6 

21  .86 

HRL-2N44 

23. 70 

1 .048 

49.3 

21.86 

HRL-2N46 

24.90 

1.044 

55.3 

21.86 

HRL-2N48 

25.82 

1.038 

64.8 

a0nly  NC-4  and  NC- 

-7  are  used  as  additives; 

;  The  21.86  A 

lenpth  corresponds 

to  this  binary  eutectic  of  31.8 

and  68.2 

mole  percent. 

respect ively . 
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l.ih  1  e  VI. 

K  i  t «. 

■cl  ol  Mole 

M i x  t  u res 

Percent  and  1.  on  Viscosity  i 
With  R-(C  1  ) OOthtR ' 

>f  Ester 

it- < t: i  )oocj  R  ’ 
Component s  a 

KO-R’ 

Component 

Tota  1 

Mixture 

Viscosity  of 
Componen  t  sc 

R0-R'  R-(C 1 )00CR ' 

Mi  >  1  e  \ 

L  (A) 

Mo  1  e 

%  L  (A) 

L  (A) 

n25°  (cP) 

r,est 

!|ca  i  c 

10 

2  7.03 

90 

20.39 

21.05 

46.2 

34. 1 

155 

10 

28.05 

90 

27.14 

27.23 

51  .9 

43.6 

127 

2  5 

27.03 

75 

20.  39 

22.05 

66.1 

35.6 

158 

25 

29.03 

75 

23.76 

25.08 

64.1 

40.3 

136 

25 

28.05 

75 

27.  14 

27.37 

65.2 

43.8 

129 

25 

31.03 

75 

27.14 

28.11 

65.2 

45.0 

126 

50 

28.05 

50 

27.14 

27.60 

94.8 

44.2 

145 

75 

28.05 

25 

27.14 

27.82 

155.8 

44.5 

193 

100 

28.05 

0 

- 

28.05 

249.3 

- 

249 

^Components  are  2-(Cl)OOC$2  and  5- (Cl  )00C<15 . 

^Components  are  HRL-2N42  and/or  HRL-2N48  mixtures. 

1  The  RO-R'  viscosities  are  estimated  at  the  L  of  the  total  mixture  from 
the  plot  their  r.  vs  L. 
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Table  VII.  Structure  Effects  on  Viscosity:  Mixtures  With  757.  RO-R'  and 

257  Additives 


3  h 

257  Additive  Components  Mixture  With  75%  HRL-2N42 


C 1  ass 

Components 

Mixture  Clearpcint 

Mole  %  ”C 

Dens  i  ty 
at  25°C 

Viscosity,  cP 

25°  '40° 

R  (CN )  -tf  OR ' 

4  (CN)-rf03 

12. 28 | 

76 

1  .  103 

118.0 

44.7 

4(CN)-<t)05 

12. 72 j 

R- (C 1  )OOQR' 

2-(Cl  )00C4>  2 

1 3 . 37| 

73 

1.120 

66.1 

28.3 

5-(Cl)OOC<})5 

11.63j 

R-OOCrkR' 

2-OOC<j)2 

6.72) 

88 

1.105 

60.6 

26.0 

4-OOC<f)4 

18.28) 

RO-OR' 

40-05 

60-05 

15.00) 

io.oo) 

65 

1.083 

49.3 

21.9 

RO-OOCR ' 

40-0OC4 

13.64) 

65 

1.087 

45.6 

20.7 

60-00C5 

11.36) 

Rf>  -R ' 

34,-4 

5.001 

54,-4 

7 . 20 1 

92 

1.079 

45.4 

20.6 

R-lR  ' 

5-<P5 

12.80* 

R-OR' 

5-06 

25.00 

58 

1.065 

39.8 

18.8 

R-OOCR ' 

3-00C5 

14 . 6  5 ) C 

56 

1.080 

38.0 

18.1 

7-00C5 

10.35) 

RO-R' 

60-5 

25.00 

58 

1.052 

36.3 

17.4 

R-R' 

7-4 

15.07) 

42 

1.058 

31.7 

16.6 

7-6 

9.93) 

RO- [ C | R ' 

40- [C] 4 

2.82) 

62 

1.056 

31 . 1 

15.5 

60— [ C ] 5 

22. 18) 

aAdditives  have  L  =  27.03 

O 

A, 

^Mixtures  with  additives 
and  h 250  3  2  #  6  j 

have  L  =  22.05 

O 

A;  HRL-2N42  alone 

has  L  = 

O 

20.39  A 

CThe  R-OOCR’ 

O 

additives  have  L  =  26,12  A 

,  and  the 

mixture  L 

-  21.82 

O 

A. 
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'able  VIII.  Structure  HI  lefts  on  Viscosity:  Mixtures  With  907. 
RO-R’  and  107,  Additives 


107 

Add  it ive  Component 

a 

s 

Mixture  With  90% 
HRI.-2N42b 

Mo  1  e 

Z 

c:  l  ass 

Componen t  s 

In  Mixture  Viscosity  r,  „ , 

R  (CN ) - (OR ’ 

4(CN)-i03 

4.91  j 

|  57.0 

4  (CN )  -tf-05 

5.09] 

1 

R-; OR  1 

4-103 

4.91  | 

1  47.0 

4— 4>  05 

5.09] 

[ 

R-  (Cl  )00C,J.R 1 

2-(C  L  )  00C <p  2 

5.35] 

I  46.2 

5-(C  1  )00C,j>5 

4 . 65  j 

i 

R-00Ct'R 1 

2-OOC1.2 

2.69] 

43.6 

4-OOC<fi4 

7. 31  j 

ROSOR’ 

40S05C 

10.00 

41. 3C 

R0-0R' 

40-05 

6.00] 

1  39.0 

60-05 

4 .  Oo| 

1 

Ri-R' 

34-4 

2.00 

j 

54-4 

2.88 

>  37.9 

R  -  J  R  ' 

5-45 

5.12 

R.J  -R ' 

34.-4 

3.  70] 

54,-4 

6. 30  J 

|  37.4 

RO-R' 

60-5 

10.00 

34.8 

^Additives  have 

L 

O 

=  27.03  A 

^Mixtures  with 

additives  have  L  = 

21.05  A 

^Mixture  contains 

89.1%  2N42  and 

0.9%  60-f 

_  O 

>  to  give  L  =  21.05  A 
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Tab  1 e  IX.  Effects  of  Th iobenzoa t es  Versus  Benzoates  on  Viscosity 
of  Mixtures  With  75?'  RO-R? 


Table  X.  Calculated  Viscosity  ol  Additives  When  Used  in  RO-R '  Mixture 


Amount  of  Additives'* 

25% 

25% 

25% 

10% 

10  to  25% 

a 

1.  of  Additives,  A 

22.50 

27.03 

Various 

27.03 

Various 

I.  of  Mixture,  A 

20.92 

22.05 

23.00 

21 .05 

22 

•  ,  at  25°C 

ca  1  c 

c 

class 

R(CN)-tOR ' 

363 

257 

310 

R(CN')-ifR' 

(209)b 

( 1 92)b 

200 

R-iiOR  : 

157 

160 

R-  (C 1  )00CtiR ' 

156 

152 

149 

153 

R-OOC  f,  R  ’ 

134 

'  123 

130 

ROSOR' 

92 

92 

RO-OR' 

82 

88 

80 

'll 

82 

NC-R 

82 

82 

R0-00CR ’ 

74 

74 

Rf-R'  ;R-<pR ’ 

73 

'66 

71 

RSOR ' 

66 

66 

Rf-R' 

'61 

65 

R-OR' 

64 

50 

55 

R-OOCR' 

43 

43 

ROSR ' 

36 

37 

RO-R' 

[35] 

1361 

[37] 

[35] 

36 

R-R' 

18 

22 

19 

RO  [  C  )  R 

16 

16 

3In  HRL-2N42. 

Addition  of  7(CN)"i>5,  whose  L  =  31.50  A,  gives  a  25%  fixture  with  79.9  cP 
end  23.17  A  and  a  10%  mixture  with  50.2  cP  and  21.50  A. 


c 

Assigned  class  viscosity  at  25°C  in  RO-R'  mixtures. 


Table  XI.  Comparison  of  Calculated  vs  Observed  Viscosities 
of  Ester  Eutectic  Mixtures 


i 


A.  Single  Class 

Cl  ass 

Mixtures 

Mixture 

L  (A) 

>'2^o(cP) 

Assigned 

n  , 
class 

a 

Viscosity 
Variat ion 

R- (C 1 ) OOCfR ' 

HRI.-2P37b 

28.05 

249 

153 

-39% 

RO-OR' 

HRL-2N54b 

23.23 

106 

84 

-21  % 

R-OR' 

HRL-2P 1 5° 

21.93 

50.3 

55 

+9% 

R-OR' 

HRL-2P1 7C 

22.15 

46.6 

55 

+18% 

R-OOCR' 

Merck.  S1008b 

26.12 

41.0 

43 

+5% 

RO-R' 

HRL-2N43 

22.37 

36.5 

36 

-1% 

RO- [ C  ]  R ' 

HRL-6N7e 

21.20 

16.3 

16 

-2% 

RO- [ C  ]  R ' 

HRL-6N56 

22.71 

20.5 

16 

-22% 

B.  Multiple  Class  Mixtures 

Mixture  No.  Classes  %  RO- 

■R'  L 

(A)  n25o(cP) 

Calc. 

n 

calc 

Viscosity 

Variation 

HRL-2N25b 

2 

77.2 

24.48 

48.5 

47 

-3% 

HRL-2N40f 

2 

75.5 

22.68 

46.4 

48 

+3% 

HRL-2N528 

3 

38.4 

24.90 

64.2 

63 

-2% 

HRL-25N48 

4 

42.0 

23.92 

59.2 

58 

-2% 

HRL-26N38 

4 

26.6 

26.41 

47.8 

49 

+2% 

HRL-26N48 

4 

22.8 

23.29 

49.3 

54 

+9% 

HRL-246N1 8 

4 

18.1 

26.28 

66.6 

80 

+20% 

HRL-256N58 

6 

14.9 

23.32 

58.2 

59 

+1% 

aUsing  class 

viscosities 

calc,  from 

n  in  RO-R 1 

mixtures 

.  bThls 

paper. 

CSee  ref . 3 . 

^See  ref.  1 

.  eSee  ref. 

,  2.  f See 

ref.  6. 

8See  ref, 

.  4. 
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R-R' 

RO  -  (C  I  R‘ 


310 


200 


160 


153 


130 


92 

82 


82 
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65 
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Figure  1.  Structure,  class  code,  and  class  viscosities  of  LC  ester 
components.  (The  Oclass  at  25° C  apply  when  10  to  25%  ofQ 
these  components  are  used  in  R0-R*  mixture  with  L  ^  22  A.) 


160 


30 
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20  22  24  26  28 

L,  AVERAGE  MOLECULAR  LENGTH,  & 


Effect  of  L  on  the  viscosity  of  three  series  of  single 
class  ester  LC  mixtures. 
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MOLE  %  R-(CI)0OC</>R'  IN  RO-R' 


Figure  5.  Effect  of  L  and  concentration  of  a  diester  on  its 
n  .  from  in  RO-R1  mixtures. 


APPARENT  E_  ,  Kcal/MOLE 


1 0393  1 5  R 1 


r?25°,cP 

Figure  6.  Dependence  of  apparent  activation  energy  of 
viscosity  between  25  and  40°C  on  r^go-  (The 
dark  points  all  have  L  close  to  22  A,  the 
points  have  longer  Ls) 
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APPENDIX  VL 


FACTORS  AFFECT i NO'  THE  DYNAMIC  SCATTERING  OF  A 
NEMATIC  ESTER  MIXTURE 

.1.  David  Margerum,  Anna  M.  Lackner,  Hong  S.  Lim, 
and  . f i’ll  11  E.  .Jensen 
Hughes  Research  l.abora  Lor  ies 
3011  Malibu  Canyon  Road 
Malibu,  California  90265 

Abstract 

Various  factors  affecting  the  anisotropic  and  dynamic  scattering  (DS) 
characteristics  of  a  3-component  eutectic  mixture  of  phenyl  benzoates  are  inves¬ 
tigated  in  detail.  The  effects  of  dopant,  surface  alignment,  signal,  cell  thick¬ 
ness,  and  temperature  are  studied.  Variations  in  the  conductivity  anisotropy 
of  the  dopants  has  the  largest  effect  on  the  DS  threshold  voltage  at  room  temp¬ 
erature.  However,  cell  thickness  also  changed  the  threshold  slightly  and  has  a 
large  effect  on  the  magnitude  of  the  scattering  obtained  above  threshold.  Thin¬ 
ner  cells  give  higher  DS  levels  and  higher  multiplexing  capabilities.  The  opti¬ 
cal  density  of  scattering  increases  linearly  with  the  reciprocal  of  cell 
thickness.  When  the  temperature  is  increased  the  DS  threshold  voltage  decreases, 
indicating  that  changes  in  viscosity  and  elastic  constants  with  temperature  are 
more  significant  than  the  decrease  in  conductivity  anisotropy. 

I .  In  trod  uc  t i on 

We  are  interested  in  using  the  dynamic  scattering  (DS)  mode^  in  liquid 
crystal  (LC)  devices  such  as  pictorial  matrix  displays' ’ 1 ’ 4  reticle  devices’”6 
and  automobile  dashboard  displays7.  Phenyl  benzoate  ester  mixtures  of  negative 
dielectric  anisotropy  are  of  interest  for  DS,  because  they  are  colorless,  can 
be  purified  adequately  for  controlled  doping6,  show  good  dc  stability  when  used 
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with  redox  dopant s  1 » 1  ’  ,  and  have  relatively  good  thermal  stability  at  elevated 
temperatures11.  In  many  of  these  applications  it  is  desirable  to  have  a  low 
threshold  voltage  (V^ )  for  the  OS  mode.  The  present  study  is  designed  to  eval¬ 
uate,  in  detail,  the  factors  affecting  the  V  and  scattering  levels  of  a  phenyl 
benzoate  I.C  mixture.  These  factors  include  the  conductivity  dopant,  resistivity, 
temperature,  surface  alignment,  applied  signal,  and  cell  thickness.  A  simple 

I. C  eutectic  mixture  (HRL-2N25)  containing  just  three  phenyl  benzoate  components 
is  used  for  these  studies,  and  its  properties  are  also  characterized  as  a  func¬ 
tion  of  temperature. 

I I .  Experimental 

Most  of  the  experimental  techniques  employed  are  described  in  recent 
publications11*1'.  The  ester  LC  components  are  synthesized  and  purified  by 
standard  methods.  Liquid  chromatography  analysis  indicates  that  these  compon¬ 
ents  have  less  than  0.1%  impurity.  The  room  temperature  resistivity  of  the 
undoped  LC  mixture  is  greater  than  10^*  ohm-cm,  typically  about  4x10^  ohm-cm. 

The  dopants  are  prepared  as  follows:  Tetracyanoethy lene  (TCNE)  from  Aldrich  is 
recrystallized  from  methylene  chloride  and  then  sublimed  at  70°C;  tet rabutylam- 
monium  t r i f 1 uoromethanesul f onate  (TBATMS)  is  prepared  as  previously  reported8; 
ethy lpyridinium  tetraphenylboride  (EPTPB)  and  tetrabutylammonium  tetraphenyl- 
boride  (TBATPB)  are  prepared  in  the  manner  described  by  Mann13,  with  recrystal¬ 
lization  from  acetone/water  solutions  before  drying;  dibutyl  ferrocene  (DBF) 
from  Research  Organic  Chem.  is  distilled  at  115°C  at  0.3mm;  (2,4,7-trinitro- 
f luorenylidene)malanonitrile  from  Aldrich  is  recrystal lized  from  acetonitrile; 
dodecyl (ethyl)dimethylammonium  p-hexyloxybenzoate  (ZL1-235)  is  used  as  obtained 
from  E.  Merck.  The  DS  is  measured8  in  transmission  and  the  V  ,  is  obtained  by 
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extrapolation  hack  to  the  baseline  of  no  scattering.  Several  different  surface 
alignment  techniques  are  used.  Cells  with  surface-parallel  LC  alignment  are 
made  by  rubbing  ITO  (indium  tin  oxide)  electrode  surfaces,  or  by  rubbing  a  thin 
coating  of  polyvinyl  alcohol  (FVA)  on  ITO  after  drying  in  an  oven,  or  by  shallow 
angle  ion  beam  etching  of  ITO,  or  by  medium  angle  deposition  (MAD)  of  SiO  on 
ITO '  *  .  The  surface-perpendicular  LC  alignment  is  made  by  bonding  a  long  chain 
alcohol  (C,QH  -,0H)  onto  a  thin  (150A)  coating  of  MAD-SiO  on  ITO,  except  in  the 
field  effect  measurements  (no  DS)  where  the  C  .  alcohol  treatment  is  used  on  a 

1  O 

SiO^  (800  X)  coating  in  order  to  minimize  the  tilt  angle.15  Cell  thickness  varia¬ 
tions  are  made  using  various  Mylar  films  as  perimeter  spacers  for  normal  thick¬ 
ness.  The  actual  thickness  of  the  thinner  LC  cells  is  calculated  from  the 
resistance  measurements  of  each  cell  and  the  resitivity  of  each  LC  sample  in 
thicker  cells  (50.8  or  127  pm).  The  width  of  the  Williams  domains16  is  measured 
with  a  Zeiss  Standard  WL  polarizing  microscope,  using  minimum  applied  voltages 
in  the  range  of  1.04  to  1.23  times  V 

III.  Results  and  Discussion 

III. A.  LC  Eutectic  Mixture 

A  three  component  eutectic  ester  mixture,  identified  as  HRL-2N25,  is  formu¬ 
lated  using  £-ethoxyphenyl  £-propylbenzoate  (20-3) ,  £-heyxloxyphenyl  ^butyl- 
benzoate  (60-4),  and  £-hexyloxyphenyl  £-methoxybenzoate  (60-01)  as  shown  in 
Table  I.  The  ratio  of  components  is  calculated  with  the  Schroeder-van  Laar 
equation.  The  actual  nematic  range,  observed  by  differential  scanning  calor¬ 
imetry,  has  both  a  lower  melting  point  and  clearpoint  than  the  calculated  values. 
Several  other  properites  of  the  mixture  are  also  summarized  in  Table  I,  includ¬ 
ing  the  average  molecular  length  (L)  which  is  determined  from  measurements  of 
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molecular  models  in  the  extended  configuration1  .  The  dielectric  on  i  sot  ropy 
('  1  is  more  negative  than  mixtures  of  1002  RO-R 1  (e.g.  20-3,  60-4,  etc.)  com¬ 
ponents1'  .  The  capillary  flow  viscosity  (i:)  is  relatively  high  due  to  the 
medium  size  L  and  the  presence  of  the  RO-OR 1  (60-01)  component,  as  shown  by 
recent  studies  of  R0-R’/R0-0R'  mixtures1 The  viscosity  data  fit  the  expres¬ 
sion  :  =  A  exp  (E/RT)  quite  well. 

1 1  1  .  B  Dopants  and  Conductivity  Anlstropy 

Purified  mixtures  are  usually  not  conductive  and  will  show  DS  effects  only 
if  ionic  species  are  present  or  are  generated  by  the  applied  field.  Both  the 

ionic  conductivity  and  its  anistropy  depend  upon  the  structure  of  dopant  as 

0  ,  1  8  f  1  <> 

well  as  the  LC  .  The  six  dopants  in  this  study  are  chosen  to  provide  a 

wide  range  of  conductivity  anisotropy  (o„/oi)  values.  In  this  ester  mixture  the 
'H/x  of  each  dopant  except  TBATMS  is  nearly  independent  of  concentration,  as 
indicated  in  Figure  1.  Except  for  EPTPB,  these  dopants  have  been  studied  in 
various  other  LCs  and  similar  results  are  found  here.  In  HRL-2N25  at  25°C 
the  value  is  4  to  6%  higher  for  TBATMS,  TBATPB,  and  DBF/TFM  than  in  the 

HRL-2N10  ester  mixture8,  is  5%  lower  for  ZLI-235  than  in  a  Schiff  base-ester 
mixture-0,  and  is  3%  lower  than  TCNE  in  an  azoxy  LC21.  Although  changes  in 
the  dopant  structure  often  have  a  larger  effect  on  the  oH/o±  of  nematic  mixtures 
than  changes  in  the  LC  structure,  much  larger  variations  of  0,,/^  are  observed 
in  other  LC  mixtures  in  which  cybotactic  nematic  characteristics  are 
present 1 1 • 1 ‘ > 2 ‘ _ 

iV.  Effects  of  Dopant,  Alignment,  and  Signal  on  V 

Figure  2  shows  plots  of  V  for  ac-DS  (30  Hz  for  both  surface-perpendicular 
and  surf ace- para  1  lei  cells)  and  for  dc-DS  (surface- parallel) ,  each  as  a  function 
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of  the  conductivity  anisotropy  of  the  six  dopants  in  HRE-2N25.  The  dopants  are 
identified  by  number,  as  indicated  in  Figure  1.  In  these  samples  the  DS  cut¬ 
off  frequency  is  greater  than  250  Hz,  so  that  approximately  constant  V  ,  values 

th 

are  observed  for  dopants  2-6  in  the  10-30  Hz  range.  In  dopant  1  (TONE)  electro¬ 
chemical  reactions  at  10  Hz  are  observed  to  lower  the  V  ,  value,  and  there  also 
may  be  a  slight  effect  at  30  Hz  because  of  the  high  voltages.  The  o  /?■  has  a 
very  large  effect  on  V  in  both  of  the  surface  alignments  and  with  dc-DS  as 
well  as  ac-DS.  (The  dc-DS  measurements  are  less  reproducible,  but  typical  V 
values  are  shown  here.  The  relatively  high  dc-V^  for  dopant  6  may  be  due 
partly  to  its  strong  tendency  to  cause  surface-1  alignment.)  For  a  given  dopant 
(i.e.  r ^  /o  value  in  Figure  2)  the  DS  thresholds  here  follow  the  pattern: 
ac-V  ^(i)  ■  ac-V^Oi)  >  dc-V^OO-  This  supports  some  earlier  observations 

discussed  regarding  other  LC/dopant  systems23.  Charge  injection  effects10 
appear  to  play  a  dominant  in  the  dc-activated  cells.  In  contrast  to  ac-activa- 
tion,  the  microscopic  patterns  of  the  instability  under  dc-activation  vary  with 
the  individual  dopants.  The  general  appearance  of  these  patterns  are  similar 
to  a  wallpaper  pattern  while  the  ac-activated  Williams  domains  consist  of  many 
parallel  line  domains.  The  dc-V  ^  decreases  with  increasing  o((  /o_j  ,  but  the 
values  do  not  fit  the  correlation  derived  by  Helfrich'’4  for  the  Williams  domain 
threshold  variation  with  o„/o1,  even  though  the  expression  was  derived  for  dc 
fields.  It  should  be  noted  that  the  values  of  o t/o±  are  obtained  with  ac  measure¬ 
ments  at  100Hz.  This  gives  the  oH/a^  for  the  ionic  species  present  in  the  bulk 
of  the  EC  from  the  dopant  under  equilibrium  conditions.  It  does  not  measure  the 
conductivity  anisotropy  of  electrochemical ly  generated  ionic  species  which  are 
formed  by  dc  activation,  and  such  ions  could  have  a  larger  anisotropy  than  the 
dopants.  If  the  ionic  transport  in  the  dc  cells  is  carried  by  both  dopant  ions 


and  dc -gone rat  ed  ions  of  higher  i  „  / .  1 1  ,  then  this  could  explain  the  observed 


dc  resu Its. 


The  qualitative  expressions  derived  by  Helfrieh'4  for  the  V  ^  of  Williams 
domains  (corresponding  here  to  the  ac-V  ^  of  DS)  indicate  that  the  correlations 
shown  in  equations  (1)  and  ( 2 )  should  be  followed  if  small  amounts  of  conduc¬ 
tivity  dopants  in  HRL-2N25  change  only  its  a|(/ax,  and  do  not  affect  the  values 
of  A,  B,  C  and  D. 

•  Surface- ii  : 


where 


A  = 


Air3  k 


33 


B  = 


Vx 


Air  k33  rjj 


•  Surface-i: 


V  =C 
th 


Gi)*’  • 


where 


C  = 


,  3 
Air  k 


Lc  ;  D- 

h,  1  ’ 


^2e'1 

Air3  k^  n2 


The  expressions  of  V  with  ac  activation2 5,26  contain  extra  terms  of  frequency 
dependence.  However,  these  terms  drop  out  if  the  frequency  applied  is  substan¬ 
tially  below  the  cut-off  frequency,  which  is  the  case  in  the  present  studies. 
Using  the  ac  data  from  Figure  2,  there  is  a  good  fit  of  the  surface-parallel 
data  with  Equation  1,  and  of  the  surface-perpendicular  data  with  Equation  2,  as 
shown  by  the  least-square  plots  in  Figure  3.  These  results  indicate  that  in 
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each  of  these  surface  alignment  boundary  conditions  the  effects  of  various  dopants 
on  the  ac-V  is  determined  largely  by  the  '  x  values  of  the  dopant  in  the  LC. 


V.  Effects  of  Resistivity  on  V  , 

- - - i - 1 

Some  effects  of  LC  resistivitv  (p)  on  the  ac  and  dc  values  of  V  ,  are  shown 

th 

in  Figure  4  for  dopants  2,  4,  and  5.  In  each  case  the  ac-V^  increases  as  p 
increases.  In  the  TBATMS  samples,  the  change  in  ac-V^  is  partially  accounted 
for  by  the  changes  of  its  o|(/o  x  with  p  which  are  shown  in  Figure  1.  However,  the 
ah /a  x  values  of  TBATPB  and  DBF/TFM  are  constant  with  p  so  some  other  (unknown) 
factor  affects  their  V  The  dc-V^  effects  vary  with  the  electrochemical  prop¬ 
erties  of  the  dopants.  The  dc-V^  of  TBATMS-doped  samples  decreases  markedly 
as  p  increases.  This  dopant  is  more  electrochemically  stable  than  the  LC,  and 
the  LC  probably  reacts  under  a  dc  field  to  give  LC+  and  LC  species9’10  which 

9 

may  have  relatively  high  o||/oi  values.  At  a  p  of  10  ohm-cm  the  LC  contains 

-4  -5 

about  10  M  TBATMS,  giving  an  ionic  concentration  of  approximately  10  M  As  the 

ionic  concentration  is  decreased,  the  concentration  of  the  positive  ions  in  the 
vicinity  of  the  positive  electrode  and  of  the  negative  ions  in  the  vicinity  of 
the  negative  electrode  will  be  decreased  as  a  result  of  coulombic  interaction. 
Thus,  dc  generated  LC  ions  would  be  expected  to  contribute  to  the  ionic  trans¬ 
port  current,  and  we  believe  that  this  becomes  more  significant  as  p  is  increased. 
The  p  of  the  TBATMS-doped  cells  under  continuous,  dc-DS  decreases  significantly 

9 

only  after  hours  of  activation,  presumably  due  to  irreversible  reactions  of 
the  LC+  and  LC  species.  On  the  other  hand,  the  p  of  TBATPB-doped  samples  change 
fairly  rapidly  (in  10  minutes)  with  dc-activation,  indicating  that  the  dopant 
itself  reacts  readily  and  irreversibly  at  the  electrodes.  These  reactions  of 
TBATPB  appear  to  result  in  species  of  high  o|(/o1,  giving  low  dc-V^  values  for 
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thi1  short  lifetime  period  of  the  samples.  The  DBF/TFM  dopant  pair  is  a  redox 

system  chosen  to  protect  the  I.C  by  reacting  readily  and  reversibly  at  the  elec- 

„  ,  9 

t rodes  ’ ' u .  For  a  o  of  10  ohm-cm  the  neutral  DBF  and  TFM  compounds  are  each 

_  > 

added  in  about  i  x  10  ~M,  so  that  there  are  larger  concent ra t ions  of  these  redox 
dopants  present  than  is  the  case  with  the  salt  dopants.  Because  of  their  elec¬ 
trochemical  stability  and  the  amounts  of  DBF  and  TFM  present,  the  dc-V  ^  is 
relatively  stable  for  very  long  periods  of  dc  activation.  The  variations  of 
dc-v  ^  for  DBF/TFM  in  Figure  4  may  be  due  to  some  differences  in  the  surface 
adsorption  of  these  dopants  on  the  electrodes. 

VI .  Effects  of  Cell  Thickness 

The  ac-V^  of  DS  is  not  constant  with  the  thickness  of  the  cell,  as  shown  by 
the  upper  plot  in  Figure  5.  There  is  a  minimum  at  thicknesses  of  approxi¬ 
mately  25  pm.  In  thicker  cells  the  V  ^  increases  appreciably,  possibly  due  to 
the  increase  in  the  l/\  term  as  shown  by  the  lower  curve  in  Figure  5  (where  X 
is  the  Williams  domain  periodicity).  However,  in  cells  thinner  than  25  pm  the 

V  ,  also  increases  while  the  l/X  term  decreases.  We  do  not  know  the  reason  for 
t  h 

the  increased  V  in  thin  cells.  Cells  with  and  without  PVA  coatings  for  sur¬ 
face-  ii  alignment  gave  the  same  results,  so  the  effect  does  not  appear  to  be  an 

artifact  related  to  a  voltage  drop  across  the  PVA.  Also  the  resistivity  changes 

8  9 

have  little  effect  in  this  range  used:  p  between  6.15  x  10  and  1.36  x  10 
ohm-cm. 

The  scattering  level  of  DS  (where  %  S  =  100  -  %  T  for  cells  measured  in 

transmission)  is  higher  in  thinner  cells.  This  is  shown  in  Figure  6,  where  the 

%  S  is  plotted  versus  cell  thickness  at  2  x  V  ,  at  that  thickness.  The  %  S 

th 

increases  sharply  In  thin  cells  (we  did  not  use  cells  thin  enough  to  observe 
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the  expected  decrease  in  very  thin  cells.)  We  found  a  linear  relationship 
between  the  optical  density  of  scattering  and  the  reciprocal  of  the  cell  thick¬ 
ness  as  shown  in  Figure  7.  In  Figures  6  and  7  the  maximum  multiplexing  capa¬ 
bility'  (N  )  for  70%  S  is  also  shown.  The  N  increases  greatly  in  thin 

max  max 

cells,  which  of  course  also  have  the  advantages  of  having  much  faster  response 
times. 

VII.  Temperature  Effects 

The  effects  of  temperature  on  several  anisotropic  and  electro-optical  prop¬ 
erties  of  HRL-2N25  are  shown  in  Figures  8  and  9.  The  Freedericks  transition  in 
Figure  8  refers  to  the  field  effect  threshold  in  a  surface-i  cell.  The  values 

of  (V  and  Ae  in  Figure  8  are  used  to  calculate  the  k  _  elastic  constant 

th  FE  ii 

shown  in  Figure  9.  The  o{Jo  L  and  V  ^  values  of  DS  are  measured  using  TBATPB  as 

a  conductivity  dopant.  The  most  interesting  result  in  Figure  9  is  that  the 

DS-V  ,  values  decrease  with  increasing  temperature  (at  least  up  to  50°C)  while 
t  n 

the  t„/o1  decrease  in  the  same  temperature  range.  This  is  surprising  consider¬ 
ing  the  large  effect  that  ov/oL  has  on  the  V  ^  (see  Figure  2).  It  indicates 
that  the  temperature  effects  on  other  parameters  such  as  elastic  constants  and 
viscosity  anisotropies  are  large  enough  and  in  the  opposite  direction,  to  offset 
the  decrease  of  oM/oi.  This  is  supported  by  the  large  decreases  observed  in 
k^  and  n  with  increasing  temperature. 
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Table  1.  HR1.-2N25  Eutectic  Mixture 
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Figure  1  Conductivity  anisotropy  of  dopants  in  HRL-2N25  at  23°C  as  a  function 
of  resistivity  (p  at  100  Hz). 

Figure  2  Dynamic  scattering  threshold  voltage  as  a  function  of  the  conductivity 
anisotropy  and  surface  alignment  of  HRL-2N25  containing  the  dopants 
in  Table  1.  (23°C,  p  =  2  x  10^  li-cm,  13  pm  cells 

■  -  surface-t,  ®and  A-surface-u) . 

Figure  3  Helfrich  equation  plots  for  surf ace-dependence  of  ac  dynamic  scattering 
Vt^  on  o|(/aA.  (Data  from  Figure  2). 

Figure  4  Effect  of  resistivity  (px  at  100  Hz)  on  dynamic  scattering  Vt^  of 
doped  HRL-2N25  in  12.7  pm  thick  cells  with  surface-ii  alignment, 
rubbed  1T0 . 

Figure  5  Effect  of  cell  thickness  of  DS-Vj-^  and  on  domain  periodicity  (A), 

30  Hz. 

Figure  6  The  effect  of  cell  thickness  on  %S  and  on  Nmax  at  70%S  (23°C) . 

Figure  7  Reciprocal  length  plots  for  the  optical  density  of  scattering  (-log  T) 
and  the  maximum  multiplex  capability. 

Figure  8  Temperature  effects  on  dielectric  properties  and  Friedericks  transition 
of  HRL-2N25  (undoped) . 

Figure  S  Temperature  effects  on  HRL-2N25,  with  TBATPB  dopant. 
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Tab  1 1*  I. 


HRI.-2N25  Eutectic 


Mixture 


Component  > 

Code 

1. .  A 

mp,  °C 

clpt.,  °C  Hf ,  K  , /Hole 

Mole  Fraction 

20-3 

19.67 

7  6 

68 

6.72 

.  1  32 

60-4 

25.78 

29 

48 

4.20 

.640 

60-01 

2  3.60 

55 

80 

6.19 

.228 

Properties 

Calc. 

nematic  range: 

13°  to  57°C 

Obs.  nematic  range:  0°  to  54°C 
Av.  molecular  length:  L  =  24.48  A 
Dielectric  anisotropy:  At  -  0.39  (24°C,  1kHz) 
Birefringence:  An  =  0.14  (23°,  589nm) 

Freedericks  transition:  V  =  7.0  V  (23°C) 

r  I 

Flow  viscosity:  n  =  48.5  cP  (25°C) 

Viscosity  activation  energy:  AE  =  9.3  K  ./mole 
1  J  n  cal 
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CELL  THICKNESS, 

5.  Effect  of  cell  thickness  on  DS-Vtj,  and  on  domair 
periodicity  (A),  30  Hz. 

O  rubbed  PVA  on  ITO 

A  rubbed  ITO,  or  ion-beam  etched  ITO. 
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%  S  AT  2  V 


Figure  6.  The  effect  of  cell  thickness  on  %S  and  on  N  at  70%S  (23' 
6  max 
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OPTICAL  DENSITY  OF  SCATTERING 


Ml,  jum"1 


Figure  7.  Reciprocal  length  plots  for  the  optical  density  of  scattering 
(-log  T)  and  the  maximum  multiplex  capability. 
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Figure  9.  Temperature  effects  on  HRL-2N25,  with  TBATPB  dopant. 
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